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Abstract: Campanula portenschlagiana is an ornamental plant vegetatively propagated from mother
plants shoot explants. In this study, we worked with two different genotypes of C. portenschlagiana,
Deep Blue Ocean and White Ocean. We found different root abilities between the two genotypes,
where Deep Blue Ocean showed a higher percentage of rooted explants when compared with the
White Ocean genotype. Plant hormone analyses showed that Deep Blue Ocean has a higher amount
of endogenous auxins when compared with the White Ocean genotype. In the White Ocean geno-
type, L-Glutamate and L-tryptophan treatments increased the percentage of rooted explants by 80%
and 40% compared with control, respectively. L-glutamate and L-tryptophan treatments increased
root biomass of the Deep Blue Ocean genotype. Taken together, our results showed that the amino
acids L-glutamate and L-tryptophan could be required in adventitious root formation in C. porten-
schlagiana. Further, the differences between genotypes can be partially explained by endogenous

hormone concentration.

Keywords: plant propagation; glutamate; tryptophan; root growth; ornamental plants

1. Introduction

Campanula portenschlagiana is an ornamental plant originally from the Dalmatian
Mountains in Croatia. Like many potted flowering plants, C. portenschlagiana is vegeta-
tively propagated from mother plants shoot explants. In C. portenschlagiana explants, ad-
ventitious root (AR) formation success depends on the genetic background, where rooting
ability can be classified in a range from easy-to-root to difficult-to-root genotypes.

Plant hormones play an important role in the control of AR formation, with auxin
being known as the central player in the hormonal network that regulates the AR for-
mation process [1]. Indole-3-acetic acid accumulates at the basal cut site and induces AR
formation interacting with many endogenous factors and exogenous stimuli [2]. Although
a large number of studies tried to understand AR formation, most of them were made in
Arabidopsis and tomato, and little is known about AR formation in C. portenschlagiana.

Here, we selected two genotypes of C. portenschlagiana to investigate their ability in
AR formation. We also analyzed the endogenous concentration of plant hormones at the
basal cut site. Finally, we treated both genotypes with amino acids to evaluate their re-
sponse to form AR through exogenous stimulation. Our results showed dissonant effi-
ciency to form AR among genotypes, which can be somewhat explained by distinct en-
dogenous hormone amounts at the basal cut site. Moreover, the AR formation in difficult-
to-root genotype can be stimulated with exogenous amino acid treatments.
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2. Methods
2.1. Experimental Setup

Shoot explants from both Deep Blue Ocean and White Ocean stock plants genotypes
of Campanula portenschlagiana were placed in an aeroponic system, consisting of 3 closed
irrigation systems, one for each treatment. For each cultivar, 20 cuttings per treatment per
replication were used. The cuttings were cultivated in a nutrient solution which contained
1 mM CaSOs, 1 mM KoHPO4, 1 mM KH2PO4, 2 mM MgSOs, and micronutrients with the
following concentrations: 30 pumol B, 15 umol Fe, 10 pmol Mn, 5 pmol Zn, 0.75 pmol Cu,
and 0.5 umol Mo. 1 mM of L-glutamate or 1 mM of L-tryptophan were added in the nu-
trient solution. As a control, we used nutrient solution without any amino acids added.
The plants were grown in a photoperiod of 16/8 h (day/night), at approximately 23/18 °C
(day/night), relative humidity of 70-80%, and 150 pmol m~=2 s~' of light intensity.

2.2. Morphological and Physiological Analyses

After 21 days of treatments, cuttings from Deep Blue Ocean and White Ocean geno-
types were evaluated for fresh and dry weight of the root, number of rooted cuttings,
length of the root, and number of roots per cutting. The numbers of rooted cuttings were
counted every day, from day 0 to day 21. For the dry weight measurement, fresh cuttings
were dried at 65 °C in a constant flux oven for 48 h.

2.3. Plant Hormone Analyses

The 1-cm fragments at the basal cut site were collected and immediately frozen in
liquid nitrogen. 20 mg of homogenized sample material were extracted with 80% metha-
nol containing 1% acetic acid. The samples were placed in an ultrasound bath for 45 min.
After extraction, samples were centrifugated at 1500 rpm for 10 min at 20 °C. The super-
natant was transferred to another vial and the pellet was re-extracted with the same pro-
cess. After the second extraction, the supernatant was combined with the first supernatant
obtained. Samples were diluted 4 times and filtered through a syringe filter (0.22 pum).

The standard solutions for the calibration curve were prepared from the mixed stock
solution containing indole-3-acetic acid, indole-3-butyric acid, abscisic acid, gibberellic
acid 3, and trans-zeatin 6-purine, in the range of 0.095-400 ng/mL. The content of all hor-
mones was detected by QTRAP 4500 LC/LC-MS platform. Analyst Software (version 1.6.1)
was used for instrument control, data acquisition, and quantification. Three independent
biological replicates were analyzed.

2.4. Statistical Analyses

The data are collected from three independent experiments and analysis of variance
(ANOVA) was performed in R (version 3.3.1, R Core Development Team, 2017). Pairwise
comparisons were performed by ¢-test. Multiple comparisons were performed by Tukey’s
honestly significant difference test after ANOVA.

3. Results and Discussion

3.1. Deep Blue Ocean and White Ocean Explants Have Different Efficiency to Generate
Adventitious Root

To investigate the ability to form adventitious roots (AR) in Campanula portenschlagi-
ana, both Deep Blue Ocean and White Ocean genotypes explants were set up in an aero-
ponic system and root formation was monitored since the first day of the experiment.
Deep Blue Ocean explants started to form AR after 4 days of growth in the aeroponic
system, while AR formation in White Ocean explants started after 15 days (Figure 1A).
After 21 days, 100% of the Deep Blue Ocean explants and 25% of the White Ocean explants
formed AR, respectively. The average root length in the Deep Blue Ocean genotype was
1.6 times higher than the root length in the White Ocean (Figure 1B). Deep Blue Ocean
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showed 4 times more root per explant than White Ocean genotype (Figure 1C). When we
analyzed the root biomass, we found that the fresh and dry weight of the White Ocean
was 3.6 and 5.2 times lower than the Deep Blue Ocean, respectively (Figure 1D,E). Our
results show that the Deep Blue Ocean genotype has a greater ability to form AR when
compared with the White Ocean genotype.
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Figure 1. Adventitious root formation of Deep Blue Ocean and White Ocean genotypes. (A) Number
of explants of Deep Blue Ocean (dark blue) and White Ocean (light gray) with adventitious root by
day after cutting. (B) Average root length (cm) of adventitious root of Deep Blue Ocean (DBO) and
White Ocean (White). (C) Number of roots per explant. (D) Root fresh weight (g). (E) Root dry
weight (g). Error bars represent standard deviation. t-test significance: ** p <0.01; n = 20.

3.2. Deep Blue Ocean and White Ocean Explants Show Contrasting Concentrations of
Endogenous Plant Hormones

To better understand the differences in AR formation between Deep Blue Ocean and
White Ocean, we performed plant hormone analyses at the basal cut site of both geno-
types. Our analyses showed that two forms of auxin, indole-3-acetic acid (IAA) and in-
dole-3-butyric acid (IBA), are higher concentrated in the Deep Blue Ocean when compared
with the White Ocean genotype (Figure 2A,B). The free level of IAA at the basal cut site
in explants was largely demonstrated to be essential to AR formation [3]. Additionally,
the conversation of IBA to IAA seems to be an important step to AR formation in many
species [4]. The IAA and IBA content differences between Deep Blue Ocean and White
Ocean can partially explain the discrepancy in the AR formation capacity.
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Figure 2. Plant hormone quantification of Deep Blue Ocean and White Ocean genotypes. (A) Indole-
3-acetic acid (IAA) content of Deep Blue Ocean (DBO; dark blue) and White Ocean (White; light
gray) in ng/g of dry weight (DW). (B) Indole-3-butyric acid (IBA) content. (C) Gibberellic acid 3 (GA)
content. (D) Abscisic acid (ABA) content. (E) Trans-zeatin 6-purine (Zeatin) content. Error bars rep-
resent standard deviation. ¢-test significance: ** p < 0.05, ** p <0.01, *** p <0.001, ns = no significance;
n=3.

Our results showed that gibberellic acid 3 (GA) content is 4.6 times higher in the Deep
Blue Ocean when compared with the White Ocean genotype (Figure 2C). The role of GA
in AR formation is largely unclear and contradictory. In Arabidopsis and Populus, studies
indicate that GA is a negative regulator of AR formation [5,6], probably interfering with
the JAA gradient at the basal cut site. In rice, GA stimulates AR formation via a mecha-
nism that requires ethylene [7]. Although we do not know if GA triggers AR formation in
C. portenschlagiana, our results can be indicative that GA participates in this process.

The content of abscisic acid (ABA) was 6.4 times higher in the White Ocean when
compared with the Deep Blue Ocean genotype (Figure 2D), suggesting that a lower level
of ABA may facilitate AR formation in C. portenschlagiana. In Vaccinium corymbosum, treat-
ment with exogenous auxin increased the AR formation and decreased ABA endogenous
content [8]. ABA was shown to inhibit AR emergence in rice and tomato [7,9].

Although cytokinins were shown to negatively regulate AR formation in several spe-
cies [10], no significant difference in trans-zeatin 6-purine (Zeatin) content was observed
among Deep Blue Ocean and White Ocean genotype (Figure 2E).

3.3. Amino Acids Treatments Can Increase AR Formation in C. portenschlagiana

In order to explore the AR formation ability in both Deep Blue Ocean and White
Ocean genotypes, we treated the explants with two different amino acids, L-glutamate
and L-tryptophan. L-glutamate and L-tryptophan increased 80% and 40% the number of
rooted explants in the White Ocean genotype, respectively (Figure 3A), whereas in Deep
Blue Ocean control and treatments with amino acids showed 100% of rooted explants.
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Figure 3. Effects of L-glutamate and L-tryptophan treatments on Deep Blue Ocean and White Ocean
genotypes. (A) Number of explants of Deep Blue Ocean (dark blue) and White Ocean (dark gray),
treated with L-glutamate (Deep Blue Ocean: light blue; White Ocean: light gray) or L-tryptophan
(Deep Blue Ocean: blue dashed line; White Ocean: gray dashed line) with adventitious root by day
after cutting. (B) Average root length (cm) of adventitious root of Deep Blue Ocean (dark blue) and
White Ocean (light gray) treated with L-glutamate (Glu) or L-tryptophan (Trp). (C) Number of roots
per explant. (D) Root fresh weight (g). (E) Root dry weight (g). Error bars represent standard devi-
ation. Statistics were calculated through ANOVA, were mean values with different letters are sig-
nificantly different at p <0.05; n = 20.

Both L-glutamate and L-tryptophan treatments increased the root length in the Deep
Blue Ocean and White Ocean (Figure 3B). Compared with control, L-glutamate did not
change the number of roots per explant in both Deep Blue Ocean and White Ocean geno-
types (Figure 3C). Root biomass in the White Ocean genotype did not change in both
amino acids treatments when compared with the control (Figure 3D,E). Deep Blue Ocean
genotype showed a significant increment in root biomass in both amino acids treatments,
when compared with the control (Figure 3D,E). Glutamate and tryptophan amino acids
seem to have different pathways to enhance AR formation in plants. Glutamate is an es-
sential source for N remobilization, which is important in lateral root and AR formation
[11]. Tryptophan participates in one of the two routes of IAA biosynthesis, and the con-
version of tryptophan to IAA can occur via three different pathways [12]. Taken together,
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our results demonstrate that amino acids treatments can increase AR formation in ex-
plants from both easy-to-root and difficult-to-root genotypes in C. portenschlagiana.

4. Conclusions

In the present study, we investigated the adventitious root (AR) formation of two
genotypes of Campanula portenschlagiana by using an aeroponic system. We found that
differences in endogenous plant hormones could explain the disparity in the AR for-
mation ability between genotypes. We successfully established treatments that increased
the AR formation in both genotypes, without using any exogenous plant hormones. The
results provide additional evidence for the regulation of the AR formation process in C.
portenschlagiana.
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