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Abstract: The aim of this study was to analyze the profile of endogenous phenolic acids in
yellow-flowered magnolias and to evaluate the effects of endogenous and exogenous phenolic acids on
the in vitro rooting of three magnolia cultivars (‘Butterflies’, “Yellow Bird’, and ‘Elizabeth’). It has been
shown that magnolia cultivars are phenolic acid-rich plants. Of the 16 phenolic acids tested, all were
detected in each magnolia cultivar. The most abundant was gallic acid (max. 34,946 ng-mg~! dry
mass), followed by chlorogenic acid, ferulic acid, and caffeic acid. The amount of individual phenolic
acids differed between the cultivars and media. The total phenolic production was enhanced by auxin,
the main factor promoting rooting in magnolia in vitro. It has been found that the difficult-to-root
‘Butterflies” and “Yellow Bird’ rooted better when they were grown on medium containing a mixture
of auxins—3-indolebutyric acid (IBA) and 1-naphthaleneacetic acid (NAA)—as compared to IBA
alone. The highest rooting frequency was observed for ‘Elizabeth’ (95.8%), followed by ‘Butterflies’
(46.1%) and “Yellow Bird’ (21.4%). In the case of “Yellow Bird’, the auxin treatment enhanced the
leaf yellowing. The present work indicates a clear relationship between the overaccumulation of
chlorogenic acid and coumaric acid in the late phase of rooting in vitro and the low rooting responses
of magnolia ‘Butterflies” and “Yellow Bird’. On the other hand, ‘Elizabeth’ produced more soluble
sugars by 29.2% than easy-to-root ones. The biochemical status of the plantlets can influence their
further ex vitro establishment, which was the highest for ‘Elizabeth” (97.5%), followed by ‘Butterflies’
(49.9%) and “Yellow Bird’ (24.6%).

Keywords: auxin; coumaric acid; chlorogenic acid; gallic acid; Magnolia; phenolics profile;
root formation

1. Introduction

The genus Magnolia contains over 250 species and numerous hybrids and cultivars. Magnolias
are highly popular as ornamental garden plants and are prized worldwide for the beauty of their
exquisite flowers and their majestic form. The flower color is essentially white, pink, and purple.
However, in recent years yellow-flowered magnolia cultivars have become very fashionable and
desirable. The first yellow-flowered magnolia cultivar ("Elizabeth’) dates back around 40 years, to the
mid-1970s. The yellow pigmentation in all magnolia selections and hybrids is derived from a single
American species, cucumber magnolia (Magnolia acuminata L.), or from a botanical variety of the
species M. acuminata var. subcordata. Hybridization with Chinese magnolias (M. denudata, M. liliflora,
or M. stellata) can offer a yellow flower color and a range of tree sizes and shapes [1]. Over the last 50
years, more than 100 selections and hybrids of “yellow” magnolia have been listed. However, many
cultivars of yellow-flowering magnolias are unavailable [2]. This is due to the fact that many of them
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are not easy to propagate, nor respond similarly to a single method of propagation. Sharma et al. [3]
reported that the rooting among stem cuttings of six yellow-flowered cultivars varied from 3% to 64%.
Some cultivars showed an improved rooting frequency with the early collection time of cuttings and
an increased 3-indolebutyric acid (IBA) concentration, while others—for example, ‘Butterflies’—largely
remained unresponsive. Similarly, our previous study on the in vitro rooting of two yellow-flowered
magnolia showed that increased IBA concentration in the medium from 1 to 6 mg-L~! enhanced the
rooting in ‘Elizabeth’ but only slightly enhanced it in “Yellow Bird’ [4].

It is known that the auxin effect on rooting is modulated by several factors, among which is the
important role played by phenolic acids [5]. It is suggested that they are implied in the rooting process
by controlling the 3-indoleacetic acid (IAA) oxidase-peroxidase activity related to the auxin level [6].
A correlation between the phenolic acids content and root formation has been observed in many woody
plant species, including cherry rootstock ‘Gisela 5" [7], hybrid chestnut [8], and olive [9]. It has been
shown that phenolics can inhibit as well as stimulate root formation [5,10,11]. This depends on the
composition and concentration of the phenolic acids formed in the plant tissues. Ortho-diphenol and
its derivatives, such as catechol, chlorogenic acid, and ferulic acid, are potent inhibitors of peroxidase.
However, several phenolics (monophenols and m-diphenols) can act in an inhibitory manner on the
rooting process by stimulating IAA oxidation or promoting IAA decarboxylation [12]. Additionally,
the interactions of phenolics with sugars can modulate the rooting process [13,14]. It has been shown
that phenolics pool varies in compositions as well as amounts between species or even cultivars as
well as developmental stages, and in relation to environmental conditions [5,15,16]. In the available
literature, there is no information on the types of phenolic acids produced by different magnolia
cultivars under in vitro conditions and which of them are closely related to the rooting process.

The aim of this study was the identification and quantification of endogenous phenolic acids in
yellow-flowered magnolias, and the evaluation of their effects on the rooting of magnolia shoots in vitro.
First, we evaluated the rooting frequency and the phenolic acids profile in response to auxin treatment
in easy-to-root ‘Elizabeth” and difficult-to-root ‘Butterflies’ and “Yellow Bird’. Then, we investigated the
effect of exogenous chlorogenic acid on the rooting efficiency of magnolia in vitro and the soluble sugar
production. Identifying the correlations between phenolic acids and root initiation and development
would provide vital clues to improve the micropropagation of magnolia.

2. Materials and Methods

2.1. Plant Material and In Vitro Culture

Three yellow-flowered magnolia cultivars were used for the study: ‘Butterflies’ (M. acuminata
‘Fertile Myrtle” X M. denudata ‘Sawada’s Cream’), ‘Elizabeth’ (M. acuminata X M. denudata), and “Yellow
Bird” (M. acuminata var. subcordata X M. brooklynensis ‘Evamaria’). Cultures were initiated in July
from the actively growing shoots of three-year-old magnolia plants grown in a greenhouse. The shoot
explants were first washed in running tap water and then in a 3% Chloramine T solution, rinsed
with sterile distilled water, soaked in 0.1% HgCl, for 5 min, and then rinsed once with sterile water.
For culture initiation, the shoot tips and axillary buds were cultured on MS medium [17] with the
nitrogen salts reduced to half strength and supplemented with 1.0 mg-L~! of benzylaminopurine (BAP)
and 0.1 mg'L_l of gibberellic acid (GA3). Then, the shoots were multiplied on MS medium, with the
nitrogen salts reduced by one quarter and supplemented with 0.5 mg-L~! of BAP. In the last subculture
before rooting, the shoots were cultured on the medium containing reduced levels of BAP, down to
0.1 mg-L~!. All the media were solidified by 6% agar (Biocorp—Warsaw, Poland). Uniform shoots
with no visible physiological disorders that were about 2-3 cm long were taken for experiments.

2.2. Effects of Auxins on In Vitro Rooting and Acclimatization

For rooting, the shoots were cultured on the MS medium with the nitrogen salts reduced to half
strength and containing 100 mg-L~! of myo-inositol; vitamins—nicotinic acid, pyridoxine, and thiamine
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(1.0 mg-L~! each); 2 mg-L~! of glycine; and 30 g-L~! sucrose. The pH of the medium was adjusted
to 5.6 before adding the agar (Biocorp, 6 g'L™!). Shoot rooting was performed in 330 mL glass jars.
The cultures were kept at 23 + 2 °C under a 16/8 h day/night photoperiod provided by cool-white
fluorescent lamps at 40 umol m2s! (Philips TLD 36W/95).

To optimize a rooting method for yellow-flowered magnolia cultivars, the shoots were placed on
media supplemented with 3-indolebutyric acid (IBA) alone at 6 mg-L~! or IBA (4 mg-L™!) combined
with 1-naphthaleneacetic acid (NAA) at 2 mg-L~!. Shoots growing on the medium without auxin were
the control. After five weeks of subculture, the rooting frequency and the number and length of the
roots were determined. Moreover, basal pieces of the shoots (approx. 1 cm) including leaves were
collected, lyophilized, and subjected to qualitative and quantitative analyses of phenolic compounds
by the HPLC method.

2.3. Qualitative and Quantitative Analyses of Phenolic Acids by HPLC Method

Phenolic acids were estimated according to the modified method of Hura et al. [18]. The plant
samples (25 mg) were ground (MM 400, Retsch, Kroll, Germany) and then triple extracted in 0.65 mL
of water and formic acid in methanol (H,O/HCOOH/MeOH 4/1/15 v/v/v) for 5 min (30 Hz, MM400).
After centrifugation (3 min, 22,000x g, 15° C, Universal 32, Hettich, Tuttlingen, Germany), supernatant
was pooled and aspirated to dryness under a nitrogen stream (TurboVap LV, Capiler, MA, USA).
Residue was reconstituted in 50 pL of 50% MeOH in 1 M HCOOH and diluted to 1.2 mL with 1 M
HCOOQOH prior to clean-up on Discovery DPA-6S SPE cartridges (1 mL, 50 mg, Supelco, Bellefonte,
PA, USA). SPE cartridges were activated with 1 mL of MeOH, followed by 1 mL of 1 M HCOOH.
After that, the samples were applied and slowly aspirated. The cartridges were flush with 1 mL of 1 M
HCOOH under a vacuum for 3 min. Phenolics were washed out with 2 X 0.5 mL of 5% ammonia in
60% methanol in water. Then, the samples were evaporated to dryness under nitrogen, reconstituted
in 250 uL of methanol, and analyzed on an Agilent Infinity 1260 system equipped with a binary pump,
autosampler, and fluorescence detector (FLD). Phenolics were separated on the Zorbax Eclipse Plus
Phenyl-Hexyl 3.5 pm 3.0 mm x 100 mm column under a linear gradient of 2% formic acid aqueous
solution versus methanol. Beginning at 100% and ending at 35% formic acid solution in 14 min, at
a flow rate of 0.8 mL/min, the excitation (Ex) and emission (Em) wavelengths dynamically changed,
as reported by Golebiowska-Pikania et al. [19].

2.4. Effects of Exogenous Chlorogenic Acid on Rooting of Magnolia In Vitro

The aim of the experiment was to determine the effect of exogenously applied chlorogenic acid
(CGA) on the rooting efficiency of two magnolia cultivars—difficult-to-root ‘Butterflies” and easy-to-root
magnolia ‘Elizabeth’. The magnolia shoots were cultured on the basic MS medium described above
supplemented with CGA at different concentrations (10, 50, or 100 mg-L~!). Medium without CGA was
used as the control. After 5 weeks, the following data were collected: rooting frequency, root number
per shoot, and length of roots. Endogenous carbohydrates were also determined in shoot bases on day
30 during rooting in vitro.

2.5. Analysis of Soluble Sugars

Samples (approx. 200 mg) from shoot bases (0.5 cm) after homogenization were extracted with
2 mL of 80% aqueous ethanol, then centrifuged at 833x g for 10 min. The amounts of total soluble sugars
were estimated by the phenol-sulfuric method [20]. The supernatant was mixed with 5% phenol and
96% sulfuric acid. The absorbance (A = 490 nm) of the samples was measured spectrophotometrically
(Thermo Electron Corporation (Waltham, MA, USA), type Evolution 300 BB). The amounts of soluble
sugars were determined against a glucose standard and expressed in milligrams per gram of fresh
mass (FM) of plant tissue.

The magnolia shoots rooted on medium containing auxins only were transferred to ex vitro
conditions. They were planted in multicell plug trays of 30 mm diameter with a soil substrate
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and planted in plastic plug boxes covered with transparent plastic caps to prevent dehydration.
Acclimatization took place in a growth room (25 + 2 °C; PPFD—50 pmol m~2 s71). The plantlets were
gradually acclimated by opening the cover over 30 days. Every week, the plantlets were feed with
Scotts Peters Plant Starter (The Netherlands) (0.25 g-L_l).

2.6. Statistical Analysis

For the rooting experiment, 25-30 shoots (5 shoots X 5 or 6 glass jars) were used in each treatment.
The experiments were carried out twice. The final data were the means of the two replicated
experiments. The data were subjected to a two-factor analysis of variance (ANOVA). The significance
of the differences between means was evaluated by Duncan’s test at p = 0.05. Additionally, Pearson’s
linear correlation was calculated for the chosen parameters.

3. Results

3.1. Rooting

Roots emerged as early as 2 weeks after transfer to the rooting media. As shown in Table 1,
the rooting of yellow-flowered magnolia cultivars was significantly affected by auxins. The root
formation on auxin-free medium was observed for ‘Elizabeth” only, with an effectiveness of 18.3%.
The shoots of this cultivar rooted well on medium with IBA alone (93.3% rooting frequency) or IBA
combined with NAA (95.8%). On both media, a similar number of roots per shoot (3.0-2.9) was
observed. The rooting frequency of difficult-to-root ‘Butterflies’ and “Yellow Bird’ varied significantly
between auxin treatments. In the presence of IBA alone, the maximum rooting was 13.9% for ‘Butterflies’
and 11.6% for “Yellow Bird’. A significant improvement in the ‘Butterflies’ shoot rooting to 46.1% was
obtained due to the application of IBA combined with NAA (Table 1). In such treatments, the rooting
efficiency of “Yellow Bird” was also enhanced, but only up to 21.4% (Table 1). In all the magnolia
cultivars, the roots produced in the presence of IBA alone were much longer than on medium with
IBA + NAA (Table 1). In “Yellow Bird’, both auxin treatments resulted in a significant increase in leaf
yellowing (Table 1; Figure 1e). In the case of ‘Butterflies’, the sign of leaf senescence was observed
only in shoots growing in the presence of IBA alone, but it was significantly lower as compared to
“Yellow Bird’.

Table 1. Rooting response of the yellow-flowered magnolia cultivars ‘Butterflies’, “Yellow Bird’,
and “Elizabeth’ after a five-week subculture period on Murashige and Skoog (MS) medium without
auxin (control) and supplemented with 3-indolebutyric acid IBA (4 mg-L~"!) alone or combined with
1-naphthaleneacetic acid (NAA) (2 mg~L’1). Means indicated with the same letter within auxin
treatment and cultivar do not differ significantly (p = 0.05) according to Duncan’s test.

. Auxin Rooting Root Root Length Shoot Yellow
Cultivar Treatment Frequency Number/Explant (mm) Length Leaves (%)
(mg-L1) (%) P (mm)

Control 00a 0.0a 00a 27.5a 9.6 ¢
“Yellow Bird’ 6 IBA 11.6b 1.0b 55.8 37.1b 32.3d
41BA + 2 NAA 214c 1.3b 425 de 44.6 ¢ 415e
Control 00a 0.0a 00a 35.8b 7.3 ab

‘Butterflies’ 6 IBA 139b 1.3b 446 37.1b 13.0c
41BA + 2 NAA 46.1d 14b 33.1c 32.1ab 7.6 ab

Control 18.3 be 1.1b 23.0b 56.0 ¢ 00a

‘Elizabeth’ 6 IBA 93.3e 3.0c 34.2cd 61.3 ¢ 00a

IBA + 2 NAA 95.8 e 29c¢ 26.2 bc 62.5c 0.0a
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Figure 1. In vitro rooting and acclimatization of different magnolia cultivars. (A,B) Roots produced
by ‘Elizabeth’ on the fourth week (A) and fifth week (B) of incubation in the presence of IBA + NAA.
(C-E) In vitro rooting of ‘Elizabeth’ (C), ‘Butterflies’ (D), and “Yellow Bird’ (E) in the presence of IBA
+ NAA. (G-H) Plantlets after a 8-week period of growing ex vitro: ‘Elizabeth” (F), ‘Butterflies’ (G),
and “Yellow Bird" (H).

3.2. Phenolic Acids Content

The results of the analysis showed that yellow-flowered magnolia cultivars cultured in vitro
produced a large amount of different phenolic acids (Table 2). Of the 16 phenolic acids tested, all were
detected in each magnolia cultivar. The most abundant was gallic acid (max. 34,946 ng-mg_l DM),
followed by chlorogenic acid (max. 11,485 ng'mg~! DM), ferulic acid (max. 4407 ng'mg~' DM),
and caffeic acid (max. 2657 ng-mg~! DM); siringic, vanillic, and homovanillic acids (<500 ng-mg~! DW);
and gentisic, coumaric, and benzoic acids (<100 ng-mg~! DM). The amount of individual phenolic
acids differed between the cultivars and media.

On MS medium without auxins, the highest total phenolic acids content was observed for the
magnolia ‘Yellow Bird’, followed by ‘Butterflies” and ‘Elizabeth’(Table 2). The addition of auxin to MS
medium resulted in an increase in the total phenolic content and changes in the level of individual
phenolic acids. During the rooting period, the difficult-to-root cultivars (“Yellow Bird” and ‘Butterflies’)
accumulated more total phenolic compounds than easy-to-root ‘Elizabeth’. Although the overall
pool of phenolic acids increased in the presence of auxins, this was due to the combined effects of a
decrease in the concentrations of some phenolic acids (caffeic, homovanillic, and salicylic acids) and a
significant increase in others, such as chlorogenic, siringic, vanillic, coumaric, sinapic, and rosmarinic
acids. The most recalcitrant to root “Yellow Bird” produced on auxin medium had the highest amount
of gallic acid and a high amount of chlorogenic acid. The shoots of ‘Butterflies” contained the highest
levels of chlorogenic acid. They also accumulated the highest levels of syringic, vanillic, coumaric,
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benzoic, sinapic, and rosmarinic acids. The highest differences between magnolia cultivars varying in
rooting ability were found in the content of chlorogenic acid and coumaric acid, while the amount
of accumulated chlorogenic acid was definitely higher than that of coumaric acid. After a five-week
rooting period on auxin medium, the shoots of easy-to-root ‘Elizabeth’ contained less chlorogenic acid
by 44-56% and less coumaric acid by 69-76% than the difficult-to-root “Yellow Bird” and ‘Butterflies’.
A negative relationship between the chlorogenic acid and coumaric acid content and the rooting
frequency of magnolia shoots in vitro has been found (Table 3).

Table 2. Change in the content of soluble phenolics (ng'-mg~! dry mass) in the yellow-flowered
magnolia cultivars ‘Butterflies’, “Yellow Bird’, and ‘Elizabeth' after a five-week subculture period on MS
medium without auxin or supplemented with IBA (4 mg-L~!) and NAA (2 mg-L~!). Means indicated
with the same letter within auxin treatment, cultivar, and individual phenolic acids are not significantly
different (p = 0.05) according to Duncan’s test.

Phenolic Acids Auxin ‘Yellow Bird’ ‘Butterflies’ ‘Elizabeth’
bergod - 67.2 +30.8 a 1424+79b 137.1+18.8b
enzoic + 1533 +49.4b 198.7 £ 23.0 ¢ 156.9 + 16.7 b
Alic - 31,960 + 2243 cd 26,255 + 1891 a 24,745 + 2587 a
& + 34,946 + 2210 d 31,029 + 3281 be 27,589 + 3281 ab
. . - 835+193a 108.5 + 10.7 b 80.8+119a
3,4-dihydroxybenzoic + 1152 + 44 b 772 +260a 1137 + 6.0 b
hvdrobenzoic - 136 +49a 267+ 68b 123+64a
Py + 418+79¢ 419 +68¢ 247 + 6.4 ab
entisic - 1744 + 213 ¢ 1114 +12.1b 864 +14.4a
& + 156.5 + 12.2 ¢ 1252 +125b 103.1 + 16.6 be
. - 189.2 + 66.0 a 3442 + 142 b 293.5 + 15.7 ab
syrmglc
+ 554.3 + 185.2 ¢ 772.0 +30.1d 4255 + 124.3 ab
- - 711+151a 136.1+7.7b 100.0 + 10.2 ab
vanitie + 2220 +365b 587.5+ 384 e 3184 +64.7 ¢
h - - 4137+ 149.0 b 560.4 + 51.6 ¢ 364.4 + 54.7 b
omovanitic + 354.9 + 70.8 b 3249 + 46.7b 155.0 + 44.2 a
salievlic - 84.8 + 9.7 be 102.5 + 28.9 ¢ 87.1 + 12.7 be
y + 51.7+99a 61.3 + 16.1 ab 59.0 + 26.6 ab
chlorosenic - 3181 + 1263 a 3445 + 311 a 2920 + 451 a
& + 8961 + 1263 ¢ 11,485 + 1285 d 5008 + 1142 b
oy - 2657 + 702 d 833.7 + 169 ab 1467 + 277 ¢
catleic + 1619 + 72 ¢ 581.3 + 144 a 1312 + 463 be
. - 64.4 + 25.5 ab 100.2 £29.9 b 212+83a
coumaric + 178.9 + 46.6 ¢ 2342 +60.9d 53.8 + 21.9 ab
ol - 4407 + 256 d 2830 + 80 be 3173 + 149 ¢
erulic + 2220 + 311 a 3264 + 275 ¢ 2582 + 506 ab
. - 26.6 + 4.3 ab 88.0+17.5 ¢ 17.7 +48a
smaplc
+ 57.9 + 13.8 be 179.4 + 45.8 d 295+ 7.8 ab
. - 22.8 + 8.0 ab 33.0+10.5b 82+13a
rosmartnic + 366+7.0b 127.9 + 273 ¢ 19.0 + 5.5 ab
. . - 57+27a 42+12a 59+26a
cinnamic + 42+07a 34+03a 33+08a
Total - 43,423 + 4821 35,121 + 2651 33,520 + 3625
ota + 49,673 + 300 49,094 + 5319 37,953 + 5733
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Table 3. F-statistic and p value from a two-way analysis of variance for the rooting of yellow-flowered
magnolia cultivars (“Yellow Bird’, ‘Butterflies’, and ‘Elizabeth’).

Phenolic Acids Chlorogenic Coumaric Acid Rooting Root Root Leneth
Trait/Interaction Content Acid Content Content Frequency Number/Explant &
F 4 F 4 F p F P F 4 F 4
Genotype 1323 <0000 gug <0000 g5 <0000 ggq <0000 5, <0000 55, <0.000
Treatment 2100 <0000 3o <0000 g5, <0000 g5 <0000 gh, <0000 g, <0000
<0.000 <0.000 <0.000 <0.000 <0.000

Genotype*Treatment ~ 31.14 327.9 16.0 44.6 0.7 049ns 351

*k ok ek ekt ok

**p <0.01, *** p < 0.001. ns—not significant (control and two auxin treatments).

A significant correlation have been shown between the total phenolic acids content and chlorogenic
and coumaric acids (Table 4). The majority of the correlation was significant at p = 0.001. A negative
correlation was recorded between chlorogenic acid and the roots’ number and length. On the other
hand, the total phenolic acids and coumaric acid positively correlated with the root length.

Table 4. Pearson’s linear correlation matrix between total phenolic acids, chlorogenic acid, and coumaric
acid and rooting frequency, root number, and root length.

Feature Phenolic Chlorogenic Coumaric Rooting Root Root
Acids Acid Acid Frequency Number Length

Phenolic acids 1
Chlorogenic acid 0.552 1

Coumaric acid 0.719 0.420 1
Rooting frequency 0.037 0.116 0.021 1

Root number 0.021 —0.053 0.040 0.759 1

Root length 0.420 —0.060 0.448 0.419 0.405 1

3.3. Effects of Exogenous Chlorogenic Acid on Rooting of Magnolia In Vitro

The results indicated that chlorogenic acid added to the auxin medium in the range of
10-100 mg-L! significantly reduced the rooting frequency of magnolia in vitro in s way dependent on
its concentration and genotype. In difficult-to-root ‘Butterflies’, chlorogenic acid used at 50 mg-L.~!
totally blocked root formation. In the case of easy-to-root ‘Elizabeth’, the increase in the chlorogenic
acid level from 0 to 100 mg-L™! in medium containing IBA and NAA resulted in an 8.5-fold decrease
in rooting frequency, a 2.5-fold decrease in root number, and a 4.6-fold decrease in root length
(Figure 2A-C).

A WO 10 W50 0100 B WO W10 W50 (1100 C m0 m10 =50 (1100
120 5 b 40
c C
> 100 =] _ b
g 2 4 E 30
g a0 b @ b =
s _ b - 3 3 b abab =
= & 60 ab E g 2 .
o s a o a
z 40 a = = b
. ] L a
® 20 e 1 = =
a a T a a a a
0 a 0
'Butterflies' 'Elizabeth’ ‘Butterflies' 'Elizabeth’ 'Butterflies’ 'Elizabeth’

Figure 2. The effect of exogenous chlorogenic acid added at different concentrations (0, 10, 50,
100 mg-L~1) to the auxin medium on the rooting response (A-rooting frequency, B-root number, C-root
length) of difficult-to-root “Butterflies” and easy-to-root ‘Elizabeth’. Means of each genotype indicated
with the same letter do not differ significantly (p = 0.05) according to Duncan’s test.
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3.4. Effects of Exogenous Chlorogenic Acid on Soluble Sugars Production

The addition of CGA to the auxin medium led to a significant decrease in the soluble sugar content
in both magnolia cultivars (max. by 51% in ‘Elizabeth” and by 30% in ‘Butterflies’) (Figure 3). It has been
found that the shoots of easy-to-root “Elizabeth” growing on auxin medium (without CGA) produced
much more soluble sugars as compared to “Butterflies” on day 30 of the rooting period. In ‘Elizabeth’,
the CGA lowered the soluble sugar content in the shoot base in a concentration-dependent manner.
In ‘Butterflies’, however, the content of soluble sugars decreased after adding 10 mg-L~! of CGA.
A further increase in the CGA level did not affect the soluble sugar production (Figure 3).

mO0 m10 m50 1100

30
Ec :
£5
c b
8o 20 ‘
5D a a a >
o £ = T I, a
= T
® 10

0

'‘Butterflies' 'Elizabeth’

Figure 3. The effect of exogenous chlorogenic acid added at different concentrations (0, 10, 50,
100 mg-L™1!) to the auxin medium on the soluble sugar production in the shoots of difficult-to-root
“Butterflies” and easy-to-root “Elizabeth”. Means of each genotype indicated with the same letter do
not differ significantly (p = 0.05) according to Duncan’s test.

The shoots rooted in the presence of IBA + NAA were transferred to ex vitro conditions.
After 8 weeks, plantlets of magnolia ‘Elizabeth’ showed an active growth of shoots, a good quality
of the cuttings (intensive green, lack of yellowing and necrosis), and a high ex vitro establishment
rate (97.5%). The plantlets of difficult-to-root cultivars were shorter and showed leaf necrosis (Table 5,
Figure 1G,H). The survival rate was 49.9% and 24.6% for ‘Butterflies’ and “Yellow Bird’, respectively.

Table 5. Survival and plant quality of different magnolia cultivars (‘Elizabeth’, ‘Butterflies’, and “Yellow
Bird’) after 8 weeks of growth in ex vitro conditions. Means indicated with the same letter do not differ
significantly (p = 0.05) according to Duncan’s test.

Genot Survival Plantlet Length Leaf Leaf
enotype Frequency (%) (cm) Number/Plantlet  Necrosis (%)
“Yellow Bird’ 24.6a 440a 59a 54.3 ¢
‘Butterflies’ 499D 65.0b 77Db 16.1b
‘Elizabeth’ 97.5c 135.0 ¢ 103 ¢ 0.0a

4. Discussion

Micropropagation can be an alternative for the more effective propagation of yellow-flowered
magnolia cultivars as well for the acceleration of introduction of new cultivars. Several studies have
reported the in vitro propagation of magnolia; however, there are still problems to be overcome [21-24].
Rooting is one of the most critical stages in the micropropagation of many woody plant species. Among
the factors promoting the rooting in magnolia, great significance was attached to IBA’s presence at
concentrations of 4-6 mg-L~! [4,25,26]. Nevertheless, IBA alone had only a slight rooting effect in
the case of some yellow-flowered magnolia [4], as well as magnolia “Ann” (M. liliiflora ‘Nigra’ X M.
stellata ‘Rosea’) [21] and M. grandiflora [27]. The results of this study showed that the rooting of some
recalcitrant yellow-flowered magnolia cultivars (‘Butterflies” and “Yellow Bird’) can be improved by
the application of auxin combination (IBA + NAA). Similar synergistic effects of auxin combinations
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were demonstrated for the rooting of M. grandiflora [27] and other woody plant species, including
some apple cultivars [28]. The differences in the rooting activity of various auxins results from their
uptake, metabolism, and transport [29]. As compared to the traditional propagation of yellow-flowered
magnolia by cutting [3], the use of in vitro method greatly enhance the rooting response of ‘Butterflies’
and “Yellow Bird’. On the other hand, the rooting frequency of those cultivars (46.1% and 21.4%,
respectively) still seems to be unsatisfactory. Therefore, the characterization of additional factors
that might contribute to the differences observed in the rooting of various cultivars would be a key
breakthrough in magnolia tissue culture.

Many problems observed during the in vitro propagation of magnolias, such as tissue browning
and the subsequent death of cultured explants, as well as a low rooting potency, have been assigned to
phenolic substances [21,30,31]. However, their presence in magnolia shoots was mainly postulated by
other authors on the basis of shoot exudation and medium discoloration. Parris et al. [21] reported the
improvement of the rooting of Magnolia ‘Ann’ after adding activated charcoal (a phenolic binding agent)
to the IBA medium. In contrast, we did not observe a positive effect of AC on the rooting of different
magnolia hybrids when it was added to auxin medium as well as to the elongation medium (two-step
rooting method) (data not shown). Those differences may be a consequence of the genotype and/or
other medium constituents. To clarify the role of phenolics during the in vitro rooting of magnolia,
we evaluated the phenolic acids profile in easy- and difficult-to-root cultivars. The results indicated the
presence at least 16 phenolic acids in all studied magnolia cultivars. However, easy-to-root “Elizabeth”
produced significantly less chlorogenic acid and coumaric acid on day 30 of the rooting period as
compared to the difficult-to-root ‘Butterfly’ and ‘Yellow Bird’. It may suggest that those phenolic acids
are implicated in the rooting process of yellow-flowered magnolia in vitro.

Coumaric acid is known to be a strong inhibitor of seed germination and growth at low
concentrations [32,33]. Given the specificity of the action of coumaric acid, it could inhibit rooting in
magnolia despite the fact that it was not the dominant phenolic acid in the shoots. Chlorogenic acid is one
of the most widespread conjugated forms of hydroxycinnamic acid in the plants, known to be involved in
the response to stress as well in cell wall building and root formation [34,35]. The study on other woody
plant species, including vine, olive, and chestnut, showed that easy-to-root cultivars/clones accumulated
chlorogenic acid in the first day of planting, then the level decreased [15,16,36]. Additionally, Warchol
et al. [37] found that the endogenous level of phenolics as well as sugars grew together with the embryo
development of Cordyline australis. Similarly, our previous study showed that the total phenolics content
in easy- and difficult-to-root magnolia cultivars was nearly the same on day 1. However, at day 25 of
the rooting period the easy-to-root ‘Burgundy’ produced 2-fold less total phenolics than recalcitrant
ones [4]. The negative effect of the accumulation of chlorogenic acid in the late phase on rooting
observed in our study has been previously found in recalcitrant olive and vine cultivars [15,16,36].

The present work has shown that auxin resulted in an enhancement in magnolia rooting but also
in an increase in the phenolic compound accumulation. In the case of the most recalcitrant magnolia
cultivar, auxin also induced leaf yellowing. On the other hand, when we used 2-step rooting and
transferred the magnolia shoots after 1 week to auxin-free medium, the rooting frequency decreased
(data not shown). The negative effect of high auxin level on the shoot quality was observed during
the rooting of different woody plant species, including Paeonia suffruticosa [38]. The high rooting and
acclimatization ability of magnolia “Elizabeth’ coincided with a low phenolic acid (mainly chlorogenic
and coumaric acids) and high soluble sugar content. Such a pattern was observed also for other
magnolia cultivars that differed in their rooting ability [4]. The production of phenolic compounds
is due to an increase in enzyme activity, mainly phenylalanine ammonia lyase (PAL) and chalcone
synthase (CHS), suggesting a shift from sucrose production to defence processes [39]. Auxins are
known to promote many developmental processes, including root formation, but they also trigger
adaptive responses induced by external stimuli [40,41]. It has been shown that exogenous auxin
under stress conditions represses seed germination by enhancing abscisic acid (ABA) and flavonal
biosynthesis [42,43]. The accumulation of some phenolic acids in underground organs, leaf buds,
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and leaves seems to be related to dormancy [44,45]. A review by Liu and Sherif [41] showed the
possibility of auxin and phenolics involvement in the highly complex orchestration of bud dormancy.
Sharma et al. [3] reported that the adventitious rooting of stem cuttings of yellow-flowered magnolia
cultivars was significantly influenced by the time after budbreak. It is believed that in vitro conditions
affecting low chlorogenic and coumaric acid production at the end of the rooting period may increase
the rooting of some recalcitrant magnolia cultivars.

5. Conclusions

For the first time, our study showed qualitative and quantitative analyses of phenolic acids
accumulated in magnolia shoots during rooting processes. A clear relationship between the
overaccumulation of chlorogenic acid and coumaric acid in the late phase of rooting in vitro and the
low rooting responses of magnolia ‘Butterflies” and “Yellow Bird” has been found.

The present work has shown that auxin resulted in an enhancement of magnolia rooting but
also in an increase in the phenolic compound accumulation. To reveal the mechanism of rooting
recalcitrance, further study is needed. Considering the still insufficient rooting of magnolia, we plan
to use inhibitors of phenolic production and/or evaluate the effect of auxin and sucrose crosstalk on
phenolic production in relation to rooting efficiency.
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