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1 | INTRODUCTION

Alma Rosa Lopez-Laredo | Virginia Medina-Pérez |

José Luis Trejo-Espino

The effect of exogenous spermine (SPM) on Castilleja tenuiflora shoots developing
under nitrogen deficiency (ND) stress was evaluated. Shoots cultivated in a tempo-
rary immersion system were subjected to four experimental treatments: (1) control;
(2) exogenous SPM; (3) ND; and (4) ND+SPM. Shoots were longer in the ND+SPM
treatment (6.3 + 0.5 cm) than in the ND treatment (4.2 + 0.5 cm). The total chloro-
phyll content was similar in the control and SPM treatments (0.41 ug mg~! FM) and
the highest values of total phenolic content were detected at 21 days in the ND+SPM
treatment (84.1 + 0.05 GAE g~! DM). In the ND+SPM treatment, the phenylala-
nine ammonia lyase activity increased earlier than in ND treatment, and reached its
maximum at day 21 (3.9 + 0.2 umol E-CIN h~! mg~! protein). Compared with the
control, the ND and ND+SPM treatments resulted in increased secondary metabo-
lites contents in both root and aerial parts. The strongest effect was in the roots, where
the SPM and ND+SPM treatments both resulted in increased quercetin content (4.3-
fold that in the control). Our results showed that SPM partially counteract the damage

caused by ND and results in increased contents of valuable bioactive compounds.
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shown to have valuable pharmacological activities such as
cytotoxic [8], antioxidant [6], anti-inflammatory [4,9], antiul-

Castilleja tenuiflora Benth. (Orobanchaceae) is a wild plant
used in Mexican traditional medicine to relieve gastroin-
testinal diseases, and to “treat” nerves and tumors [1,2].
This species synthesizes secondary metabolites such as iri-
doid glycosides [3,4], phenylethanoid glycosides (PhGs) [5],
flavonoids [6], and lignans [7]. These compounds have been

cer and anti-depressant effects [7,10].

Nitrogen (N) is essential for the growth and develop-
ment of plants, as it is a major component of amino acids,
proteins, nucleic acids, and chlorophyll. Thus, it is a major
limiting macronutrient for plants. Nitrogen deficiency (ND)
results in a common abiotic stress for plants and leads to

Abbreviations: ND, nitrogen deficiency; PAL, phenylalanine ammonia lyase; PhGs, phenylethanoid glycosides; SMR, shoot multiplication rate; SPM,

Spermine; TPC, total phenolic content.
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changes both in primary and secondary metabolism [11].
The main changes are the accumulation of reactive oxygen
species [12] and an increase in the biosynthesis of secondary
metabolites based on carbon compounds, mainly phenolic
compounds such as hydroxycinnamic acids, flavonoids, and
anthocyanins [13—15]. In a study with Oryza sativa L. it was
shown that the levels of some phenolic acids were increased
in plants with ND, in particular, the levels of p-coumaric acid
and ferulic acid [16]. It has also been reported that in shoots
and roots of cabbage (Brassica rapa L.) under ND, alternative
biochemical pathways are activated that lead to the production
of secondary metabolites such as quinate, which is a pre-
cursor of the shikimato pathway [17]. Some of these events
are correlated with an increase of phenylalanine ammonia
lyase (PAL) activity [18], a key enzyme in the biosynthesis
of phenolic compounds. Other important consequences of
ND in plants are the low biomass production and negative
developmental effects, such as chlorosis, decreased stem
and root elongation, and changes in leaf structure and root
architecture [19].

Polyamines (putrescine, spermidine, and spermine (SPM))
are organic polycationic molecules that promote the growth
and development of plants. They also participate in adaptation
functions when transient changes in plant metabolism occur,
thus avoiding disturbances in cellular homeostasis. Therefore,
they have adaptation/defense roles against various kinds of
abiotic stresses [20,21]. In particular, SPM (N, N’-bis(3-amino
propyl)-1,4-diaminobutane) has been shown to promote mul-
tiple sprouting, division, and cell differentiation [22]. In pre-
vious studies, the addition of SPM positively affected shoot
generation, root and shoot length, and rooting capacity in in
vitro cultures of Glycine max L. [23] and Cucumis anguria
L. [24]. Foliar application of SPM to Echinaceae purpurea
L. increased the contents of caffeic acid derivatives [25] and
the SPM addition in Ruta graveolens shoot cultures resulted
in an increase of furanocoumarin content [26]. Exogenous
polyamines have been shown to alleviate the damaging effects
of various environmental stresses including drought [27],
salinity [28], light [29], and heavy metals [30]. Exogenous
SPM was shown to increase the expression of genes involved
in biosynthesis and transport of their endogenous counter-
parts [31]. Polyamines have also been proposed as signaling
molecules [32,33]. It has been reported that the maintenance
of polyamines in the tobacco wild type plants would be cor-
related with the higher stress response to ND [14]. However,
it is unknown whether polyamines can protect against low-N
stress, and there is still much to learn about their roles as sig-
naling molecules in plant secondary metabolism.

Our group has explored the application of different types
of stresses as strategies to increase the production of valu-
able pharmacological compounds in in vitro cultures of C.
tenuiflora [34,35]. Here, we investigated the effect of exoge-
nous SPM on C. tenuiflora cultured under N-deficient condi-
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PRACTICAL APPLICATION

The micropropagation of Castilleja tenuiflora plants
in a temporary immersion system represents an
appropriate alternative for the production of sec-
ondary metabolites of pharmacological interest. The
addition of exogenous spermine (SPM) to a shoot
culture allowed for normal shoot development under
nitrogen deficiency (ND) conditions. Therefore,
exogenous SPM could be used to counteract the dam-
age to plants caused by an abiotic stress, in this case,
the deficiency of an essential nutrient (nitrogen).
Exogenous SPM also resulted in increased accumu-
lation of important bioactive compounds (secondary
metabolites), such as iridoid glycosides and pheno-
lic compounds (phenylethanoid glycosides (PhGs),
lignans, and flavonoids). The addition of exogenous
SPM has the potential to increase the growth of C.
tenuiflora under conditions that enhance the yields
of valuable products.

tions. The growth, developmental parameters, and secondary
metabolite contents of C. fenuiflora treated with polyamines
and/or ND were monitored in a temporary immersion biore-
actor system.

2 | MATERIALS AND METHODS

2.1 | Plant material and experimental
treatments

Shoot cultures of C. tenuiflora were initiated and propa-
gated in vitro as described previously [36]. For experimenting
40 explants, three-week-old in vitro shoots of 2-2.5 cm size,
were cultured in a Temporary Immersion System (RITA®;
Sigma-Aldrich, St Louis, MO, USA) with 200 mL of B5 cul-
ture medium [37] and 3% of sucrose w/v, without plant growth
regulators. The shoots were immersed for 5 min (immersion
time) every 24 h (immersion frequency) and the airflow was

!'in each bioreactor. All cultures used in

controlled at 1 L min~
this study were maintained in a growth chamber under the fol-
lowing controlled conditions: 25 + 2°C with a 16-h light/8-h
dark photoperiod and an irradiance of 77 umol m” s ~! pro-
vided by 10 W LED lamps.

The effect of exogenous SPM on C. tenuiflora shoots
under ND (The ND condition was induced by modifying the
KNO; and (NH,4),SO, basal concentration in B5 medium
without altering the nitrate:ammonium ratio 24:1) was eval-
uated in a completely randomized experimental design in
four treatments as follows: (1) control: C. tenuiflora shoots
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grown under non-stressed conditions with 25.5 mM total N
(24.48 uM KNO; plus 1.02 uM (NH,4),SO,); (2) SPM: C.
tenuiflora shoots grown under non-stressed conditions with
25.5 mM total N plus 5 uM SPM; (3) ND: C. tenuiflora shoots
grown under ND with 0.63 mM total N (0.605 uM KNO;
plus 0.025 M (NH,),S0O,); and (4) ND+SPM: C. tenuiflora
shoots grown under ND with 0.63 mM total N plus 5 uM SPM.

2.2 | Growth and shoot development

At the start (day 0) and at the end (day 21) of experiments, the
plants were counted (number of shoots generated per reac-
tor) and the shoot multiplication rate (SMR) was calculated
as follows: number of shoots and buds at the end of culture
period/number of shoots inoculated. The shoot height, length
of the longest root (mm), and root formation efficiency were
determined, and biomass (in fresh and dry basis) was mea-
sured gravimetrically.

The total chlorophyll content was determined as the
sum of chlorophyll a and b concentrations, as described by
Lichtenthaler [38], with minor modifications. Fresh tissue
(15 mg) was frozen in liquid N, and ground to a fine powder,
extracted with acetone (80%) for 30 min, and then centrifuged
at 16 060 X g for 10 min at 10°C. The absorbance of chloro-
phyll a and b was measured at 663.2 and 646.8 nm, using a
spectrophotometer (UV-A 160, Shimadzu, Kyoto, Japan).

2.3 | Hydrogen peroxide content

The quantification of hydrogen peroxide (H,0,) was made
accordingly [39]. Briefly, tissue (0.5 g FM) was grounded to a
powder in liquid nitrogen, then homogenized in 1 mL of TCA
(0.1% v/v) and centrifuged at 1400 g for 15 min at 4°C. The
reaction mixture consisted of 0.5 mL supernatant, ] mL 1 M
potassium iodide, and 0.5 mL 10 mM phosphate buffer (pH 7).
Then, it was incubated in the dark for 10 min before reading
absorbance at 390 nm. The H,O, content was calculated from
a standard curve, and is expressed as umol g~! DM.

2.4 | PAL assay

The activity of PAL was determined by measuring cin-
namic acid production from phenylalanine [40]. Fresh tissue
(200 mg) was frozen in liquid nitrogen, pulverized in a cold
mortar with 40 mg polyvinylpolypyrrolidone, and homoge-
nized with an extraction solution (3 mL at 4°C) containing
100 mM sodium phosphate buffer (pH 6.0), 2 mM EDTA, and
4 mM dithiothreitol. The mixture was centrifuged at 16,060
x g for 15 min at 4°C (Biofuge fresco, Heraeus®, Hanau,
Germany), and the extract was used for the enzymatic
reaction. The reaction mixture consisted of 550 pL buffer
(50 uL mM Tris-HCI, pH 8.8), 250 pL. L-phenylalanine
20 mM (pH 8.8), and 200 uL of enzyme extract (2-16 ug

protein). After incubation for 60 min at 40°C with shaking
at 600 rpm, the reaction was stopped by adding 50 uL of SN
HCI and the absorbance was measured at 290 nm. To avoid
interference by endogenous L-phenylalanine, a blank without
L-phenylalanine was used. The activity of PAL is expressed
as nmol cinnamic acid h™! mg~! protein. The soluble protein
content was determined by the Bradford assay [41].

2.5 | Extract preparation and determination of
total phenolic content

The plant material from each treatment was collected and sep-
arated into aerial part and roots, and dried at 60°C for 48 h.
Subsequently, a microextraction (0.2 g of dry matter per 1 mL
of methanol) was performed by sonication for 30 min and the
resulting mixture was vacuum-filtered through Whatman # 1
filter paper. The filtrate was concentrated under reduced pres-
sure at 40°C, and then lyophilized.

Total phenolic content (TPC) were measured by a col-
orimetric method as follows: 40 pl. methanol extract
(1 mg mL~") was mixed with 100 uL Folin-Ciocalteu reagent
(1:10). The solution was allowed to stand for 6 min, and then
100 pL sodium carbonate (3% w/v) was added and mixed vig-
orously. After 25 min, absorbance at 4 = 750 nm was mea-
sured and the concentration of phenolic compounds was cal-
culated by comparison with a calibration curve prepared with
gallic acid (0-25 uyg mL~!; R? = 0.997). All samples were ana-
lyzed in quadruplicate. Results are reported as mg gallic acid
equivalents per g dry matter (mg GAE g~! DM).

2.6 | Identification of secondary metabolites by
HPLC—-photodiode array detector-MS

The chromatographic separation and mass spectrometric anal-
ysis of iridoids and phenolic compounds (PhGs, flavonoids,
and lignans) was carried out using a Shimadzu LC-MS sys-
tem (Shimadzu) consisting of a CBM-20A system controller,
two LC-20AD pumps, a DGU-20 5R degasser, a SIL-20AC
auto sampler, a CTO 20A column oven, a SPD-M20A UV-
vis photodiode array detector, and a LC-MS2020 interfaced
with an ESI source. Data were acquired and processed using
LSMS solutions software v 5.0. The samples were eluted, and
analyses were performed at 40°C using a reverse phase Chro-
molith® High Resolution RP-18 column (100 mm X 4 mm,
5 um) (Merck, Darmstadt, Germany). The mobile phase
consisted of a water (solvent A) and acetonitrile (solvent
B). The gradient system was as follows: 0-3 min, 100%—
0% A-B; 3-5 min, 90%-10% A-B; 5-11 min, 85%—-15%
A-B; 11-15 min, 80%-20% A-B; 15-19 min, 75%-25%
A-B; 19-25 min, 70%-30% A-B; 25-28 min, 0%—100%
A-B; 28-30 min, 100%-0% A-B. The sample injection
volume was 20 pL and the flow rate was 1 mL min~!.
Fingerprints were analyzed as follows: the aucubine-type
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iridoids at A =205 nm; geniposidic-type iridoid and lignans at
A = 240 nm; phenylethanoids at 4 = 330 nm, and flavonoids
at A = 360 nm. The phenylethanoids content was estimated
by interpolation of the peak areas and comparison with a
calibration curve; absorbance was measured at 330 nm. The
calibration curve was linear in the range of 7.8125-1000 ug
mL~! in methanol (y = 22659x — 64546, R? = 0.9999).
Results are expressed as the mean from three determinations
inmg g~! of DM.

Anthocyanins were analyzed using the LC-MS systems
described above. The samples were eluted, and analysis was
performed at 40°C using a reverse phase Lichrospher RP-18
column (250 mm X 4 mm, 5 pm) (Merck, Darmstadt, Ger-
many) connected to a guard column. The mobile phase con-
sisted of water acidified with formic acid in a 95:5 ratio (sol-
vent A) and methanol (solvent B). The gradient system was
as follows: 0-10 min, 86%—14% A-B; 10-21 min, 83%-17%
A-B; 21-38 min, 73%-27% A-B; 38-40 min, 61.2%-38.8%
A-B; 40-44 min, 58%—42% A-B; 44-46 min, 55%—45% A-
B; 46-60 min, 0%-100% A-B. The sample injection volume
was 20 uL and the flow rate was maintained at 1 mL min~!.
Fingerprints were analyzed at A = 510 nm.

The MS analyses were performed using the Shimadzu LC
2020 system comprising of UV-vis diode detector (SPD-
M20A) coupled to a simple quadrupole MS (LCMS-2020)
with an ESI. Chromatographic conditions were as described
in the LC-PDA analysis. The MS conditions for these analyses
were as follows: negative ionization mode, scanner between 0
and 900 mz~!, N2 as drying gas (10 L min~'), nebulizer gas
flow of 1.5 L min~!, 4.5 kV interface and 1.2 kV detection
voltage, and 5 uL injection volume.

2.7 | Statistical analysis

Data were analyzed using one-way ANOVA. Tukey's test
with a significance level of 5% was performed to determine
whether ND and/or SPM significantly affected each variable
assessed with respect to the control. All tests were performed
using Sigma Plot 12.0 (Systat Software, San Jose, CA, USA).

3 | RESULTS

3.1 | Growth and development of C. tenuiflora

The addition of SPM significantly promoted (p < 0.05)
C. tenuiflora growth (Figure 1) and alleviated the nega-
tive impact of ND on its development (Figure 2). Shoot
height (Figure 1B) and root length (Figure 1C) were greater
in the SPM treatment than in the control. Plant height
was 52% greater in the SPM treatment than in the con-
trol (2.1 + 0.1 cm). Plant height was also greater in the
ND+SPM treatment (6.3 £+ 0.5 cm) than in the ND treatment

in Life Sciences
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FIGURE 1 Growth and development of C. tenuiflora in a
temporary immersion system. (A) Shoots grown under different
treatments. (B) Shoot length. (C) Length of longest root. Treatments: C,
control; ND, nitrogen deficiency; SPM, exogenous spermine;
ND+SPM nitrogen deficiency plus exogenous spermine. Data are
mean =+ standard error of three replicates (10 plants each). Different
letters above bars indicate significant difference (p < 0.05, Tukey’s
multiple range test)

(4.2 + 0.5 cm). Plants in the SPM and ND+SPM treatments
developed longer roots than those grown without exogenous
SPM. The roots were longest in the ND+SPM treatment
(5.4 £ 0.3 cm) and shortest in the control (1.1 + 0.4 cm).
SPM reduced the negative impact of ND on SMR,
biomass production, and chlorophyll content. The SMR was
significantly affected by SPM addition: plants in the SPM
treatment developed nine shoots per explant (360 plants per
reactor) while those in the control developed eight shoots per
explant (320 plants per reactor) (Figure 2B). Under N-stress
treatments, SPM addition also increased the SMR to five to
six shoots per explant (200-240 plants per reactor) compared
with three shoots per explant in the ND treatment (120 plants
per bioreactor). Neither ND nor SPM affected the relative
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FIGURE 2 Growth and development of C. fenuiflora. (A) Shoots grown in a temporary immersion system under different treatments. (B)

Number of shoots/explant. (C) Relative water content. (D) Total chlorophyll. (E) Fresh biomass. Treatments: C, control; ND, nitrogen deficiency;

SPM, exogenous spermine; ND+SPM nitrogen deficiency plus exogenous spermine. Data are mean =+ standard error of three replicates (10 plants

each). Different letters above bars indicate significant difference (p < 0.05, Tukey’s multiple range test)

water content of C. tenuiflora shoots (Figure 2C). The total
chlorophyll content was similar in the control and SPM treat-
ments (0.41 ug mg~! FM). However, exogenous SPM did not
prevent chlorosis (0.11 + 0.1 ug mg~' FM) induced by the
ND treatment (0.26 + 0.1 ug mg~! FM) (Figure 2D). Biomass
production reached 14.3 + 0.3 g FM per reactor in the SPM
treatment, which was 40% higher than that in the control
(Figure 2E). Biomass was 32% higher in the ND+SPM
treatment than in the ND treatment (3.1 + 0.2 g per reactor)
(Figure 2E).

3.2 | Hydrogen peroxide content

N deficiency and exogenous SPM induces oxidative stress
(measured as H,0,) in C. tenuiflora culture, the results of
all treatments were statistically different from the control
and from each other (Table 1). At 72 h of culture time, C.
tenuiflora shoot cultures showed increased H,O, produc-
tion, the highest content (31.41 + 2.1 umol g~! DM) was
obtained with the ND+SPM treatment, followed by the SPM

(18.11 =+ 1.75 ymol g~! DM) and ND (10.08 + 0.8 umol g~!
DM) treatments.

3.3 | TPC and PAL activity

The TPC and PAL activity were measured in leaves at early
(two and four days), mid- (nine days) and late stages (21 days)
of culture (Figure 3). At two days, TPC was similar in the con-
trol, SPM, and ND treatments (4.50 + 0.8 GAE g~! DM), but
much higher in the ND+SPM (8.84 + 0.7 GAE g~! DM). Dif-
ferences among treatments were more evident at the mid-stage
and greatest at the late stage. The highest TPC values were at
21 days in the ND (66.2 + 0.02 GAE g~! DM) and ND+SPM
treatments (84.1 + 0.05 GAE g~! DM) (Figure 3A).

The activity of PAL at two days was 0.05) between them
(1.1 £ 0.9 umol E-CIN h™! mg~! protein). In the ND treat-
ment, PAL activity increased from day nine and peaked at
day 21 (2.4 + 0.2 pmol E-CIN h™' mg~! protein). In the
ND+SPM tratment, PAL activity increased from day four
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TABLE 1 Hydrogen peroxide, total phenolics, phenylethanoids and anthocyanins contents in C. fenuiflora grown in a temporary immersion

system with spermine and under nitrogen deficiency stress

Hydrogen Total phenolic content

peroxide™ (mg GAE g~! DM) PhGs (mg g~! DM) Anthocyanins

(umol g~! DM) (mg mg~! FM)
Treatment” Whole plant Aerial part Root Aerial part Root Leaves
C 774 £ 0.9° 14.75 + 0.69 49.6 + 3.5¢ 427 £ 0.03¢ <10¢ 0.039 + 0.02¢
SPM 18.11 + 1.75° 744 £ 1.9 86.5 + 4.6° 47.11 + 0.01° 22.75 + 0.02° 0.035 + 0.07°
ND 10.08 + 0.8¢ 107.2 + 3.6° 113.7 + 1.7° 18.14 + 0.03¢ <10¢ 0.267 + 0.01°
ND+SPM 31.41 + 2.1¢ 159.25 + 3.6* 125.01 + 2.6* 65.10 + 0.02? 58.8 + 0.02¢ 0.657 + 0.01*

“C, SPM, ND and ND+SPM are the experimental treatments (described in Section 2).

“*Measured on third day of cultivation.

Data represent mean =+ standard error of three replicates (10 plants each). Values in each column followed by different letter are significantly different at p < 0.05 (Tukey’s

multiple range test).

90
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2 4 9
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FIGURE 3 C. tenuiflora shoots cultured in a temporary
immersion system for 21 days under different treatments. (A) Total
phenolics content. (B) Phenylalanine ammonia lyase (PAL) activity.
Treatments: C, control; ND, nitrogen deficiency; SPM, exogenous
spermine; ND+SPM nitrogen deficiency plus exogenous spermine.
Data are mean + standard error of three replicates (10 plants each).
Asterisk above bars indicate significant difference (p < 0.05, Tukey’s
multiple range test)

(0.8 + 0.09 umol E-CIN h~! mg~! protein) and peaked at day
21 (3.9 + 0.2 umol E-CIN h~! mg~! protein).

3.4 | Chemical analysis

At day 21, the TPC, PhGs, and anthocyanin contents were
quantified in aerial parts and roots (Table 1) and LC-MS anal-
yses were conducted (Table 2 and Figure 4). The TPC varied
depending on the plant part and treatment. In the control,
the TPC ranged between 14.75 and 49.6 mg GAE g~! DM,

and was higher in roots than in aerial parts. SPM addition
resulted in a significant increase (p < 0.05) in TPC (74.4 to
86.5 mg GAE g~! DM) compared with that in the control.
Similarly, the TPC was significantly higher (p < 0.05) in
the ND and ND+SPM treatments than in the control. The
highest TPC was in aerial parts in the ND+SPM treatment
(159.25 + 3.6 mg GAE g~! DM), and was 9-fold that in aerial
parts of plants in the control (14.75 + 0.6 mg GAE g~! DM).
The PhGs are a major class of phenolic compounds synthe-
sized by C. tenuiflora [5]. As shown in Table 1, PhGs (sum of
verbascoside and isoverbascoside) were more abundant in the
aerial parts than in the roots and their concentration depended
on the treatment. In the control, PhGs were only quantifiable
in the aerial parts (42.7 + 0.03 mg g~! DM). The highest
concentration of PhGs was in aerial parts in the ND+SPM
treatment (65.10 + 0.02 mg g~! DM), which was 6-fold that
in aerial parts in the ND treatment (18.14 + 0.03 mg g~!
DM). Overall, isoverbascoside was more abundant than
verbascoside.

C. tenuiflora develops purple colored stems under N stress
because of anthocyanin accumulation [30]. The highest con-
centration of anthocyanins was in the ND+SPM treatment
(0.657 + 0.01 mg mg~! FM), which was 2.5-fold that
in the ND treatment (0.267 + 0.01 mg mg~' FM). The
anthocyanin concentrations were not significantly different
between the control and the SPM treatment (0.039 + 0.02
and 0.035 + 0.07 mg mg~' FM, respectively) (p > 0.05).
The LC-MS analysis of the anthocyanins extract had a
major peak at Rt = 25 min (4 = 280, 370, and 522 nm),
which was identified as cyanidin-3-O-a-arabinopyranoside
(419 m/z).

The HPLC profile contained peaks representative of both
iridoid glycosides and phenolic compounds (PhGs, lignans,
and flavonoids) (Table 2). Most of the compounds were
present in plants in all the experimental treatments, either in
the aerial parts or roots or both. Overall, compared with the
control, all the treatments resulted in an increase in the con-
tents of secondary metabolites in both root and aerial parts
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TABLE 2 Metabolic profile of C. tenuiflora grown under nitrogen deficiency stress and exogenous spermine in a temporary immersion system

Rt [M-H]-

Peak# (min) Identification (m/z)

1 53 MS, spectrum, standard 345

2 6.1 MS, spectrum 329

3 7.3 MS, spectrum 389

4 10.4 MS spectrum 463

5 11.4 MS, spectrum, standard 623
12.6 MS, spectrum, standard 623
16.8 MS, spectrum 650

8 20.4 MS, spectrum 299

Metabolite Group Occurrence
Aucubin Iridoids All treatments
Bartsioside Iridoids Aerial part, all treatments
8-epi-loganin Iridoids All treatments
Quercetin glucoside Flavonoid All treatments except
SPM (R) and
ND+SPM (R)
Isoverbascoside Phenylethanoid All treatments
Verbascoside Phenylethanoid All treatments
Tenuifloroside Lignan C (AP); SPM, ND (AP)
and ND+SPM
Luteolin 5-methyl Flavonoid All treatments

ether

Rt, retention time. C, SPM, ND and ND+SPM are the experimental treatments (described in Section 2). (AP) = aerial part; (R) = root.

2.50 - 2.00 — 2.00 - -
Aucubin Bartsioside _ 8 epi-loganin DAerial pat  @Root
2:00 1 1.50 1.50
1.50 -
1.00 A 1.00
1.00 -
0.50 - 0.50 0.50
C Spm ND ND+Spm C Spm ND ND+Spm Cc Spm ND ND+Spm
2.00 1.5 - 6.00 -
Tenuifloroside Luteolin 5-methy! ether Quercetin
5.00 A
1.50 A
1.0 A 4.00
1.00 A 3.00
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i 1
C Spm ND ND+Spm C Spm ND ND+Spm C Spm ND ND+Spm

FIGURE 4 Relative contents of secondary metabolites produced by C. tenuiflora shoots cultured in a temporary immersion system for 21 days

under different treatments: C, control; ND, nitrogen deficiency; SPM, exogenous spermine; ND+SPM nitrogen deficiency plus exogenous spermine

(Figure 4). Specific results by organ (root or aerial parts) and
treatment are described below.

Compared with plants in the control, those in the ND
treatment showed an increase in aucubin (0.75-fold) and
quercetin (1.1-fold) contents and a decrease in 8-epi-loganin
(0.6-fold) contents in the roots. The contents of luteolin 5-
methyl ether; bartsioside and tenuifloroside were not affected.
The aerial parts showed increased contents of aucubin (1.2-
fold), bartsioside (0.8-fold), and tenuifloroside (0.5-fold),
decreased contents of quercetin (0.6-fold) and luteolin 5-
methyl ether (0.3-fold), and no change in iridoid 8-epi-loganin
content.

In the SPM treatment, the roots showed increased con-
tents of quercetin (4.3-fold), 8-epiloganin (0.5-fold), and

aucubin (0.3-fold), no change in the contents of tenuifloro-
side and luteolin 5-methyl ether, and bartsioside was not
detected. The aerial parts showed increased contents of 8-
epi-loganin (0.36-fold) and bartsioside (0.21-fold), decreased
contents of aucubin (0.23-fold), tenuifloroside (0.2-fold), and
luteolin 5-methyl ether (0.4-fold), and quercetin was not
detected.

In the ND+SPM treatment, the roots showed an increase in
aucubin content (1.35-fold), a decrease in luteolin 5-methyl
ether content (0.84-fold), no change in 8-epi-loganin and
tenuifloroside contents, and bartsioside and quercetin were
not detected. The aerial parts showed increased contents of
8 epi-loganin (0.71-fold), tenuifloroside (0.41-fold), and bart-
sioside (0.26-fold), and quercetin was not detected.
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4 | DISCUSSION

ND is a stress that results in reduced growth and develop-
ment and increased biosynthesis of phenolic compounds in
C. tenuiflora [34]. Here, N stress was imposed by growing
C. tenuiflora with only 0.63 mM total N in ND treatments
(compared with 25.5 mM total N in the control), half the con-
centration used in a previous study (1.32 mM N).

In the present work, ND induced the elongation of C.
tenuiflora shoots and roots but decreased its multiplication
capacity, biomass production, and chlorophyll content. Sec-
ondary metabolism was stimulated at the level of PAL activ-
ity, and resulted in increased accumulation of TPC, PhGs,
and anthocyanins. Iridoid glycosides production was affected
by N stress, which led to decreased contents of 8-epiloganin
in roots and increased contents of aucubin and bartsioside in
both roots and aerial parts.

In plants, polyamines are involved in the regulation of
developmental processes and in defense against environmen-
tal stresses [42]. Although their roles in defense responses are
still not fully understood, the results of many studies point to
a dual mode of action: as direct protective compounds and as
signaling molecules that interact with multiple cellular path-
ways [20]. Previous studies suggest that polyamines play role
as a source of organic N for growth and proteins synthesis in
Helianthus tuberosus tissue [43]. There are also reports that
putrescine has the ability to be used as sole nitrogen source
for the growth of explants from dormant tubers of Helianthus
tuberosus [44], however, when they using SPM as sole nitro-
gen source not growth occurred, despite used a similar con-
centration to that of nitrogen source in the cultured medium.
Although in this work we used SPM, it cannot be considered
as a supply of N for growth, basically because the concen-
tration (5 uM) added does not significantly modify the total N
content, however SPM allowed for normal shoot development
under ND conditions.

Our results show that exogenous application of SPM
affected the responses of C. tenuiflora to ND. The addi-
tion of SPM positively affected plant height, root formation,
and multiplication capacity (Figures 1 and 2). This is con-
sistent with the role of polyamines as positive regulators of
cell growth [45]. Similarly, in previous studies, exogenous
putrescine increased the contents of endogenous polyamines,
promoted shoot elongation, and increased the number of
shoots per explant in Bixa Orellana [22]. Exogenous sper-
midine (0.25 mM) enhanced the root biomass of tomato
plants [46]. However, root growth was found to be inhibited
by SPM in Arabidopsis thaliana [47] or soybean [48]. In the
former, exogenous SPM (0.3 mM) inhibited root growth due
to an increase in endogenous SPM content and H,O, produc-
tion. In the present study, the plant height and root length of
C. tenuiflora increased under ND, consistent with increases
in root length reported for Brassica napus and B. carinata

in Life Sciences

under low-N conditions [49]. In response to ND, photo assim-
ilates are directed preferentially to root growth to facilitate
uptake from the deficient environment [50]. We expected that
the addition of SPM would stimulate an increase in endoge-
nous polyamines content, as has been observed in Arabidop-
sis [47] and Cerasus humili [27]. This may explain why C.
tenuiflora plants grown with SPM under ND had the greatest
plant height and root length.

The chlorophyll content in C. tenuiflora leaves was sig-
nificantly lower in N-stressed plants than in control plants.
Exogenous SPM not only did not alleviate chlorosis, in fact,
promoted it (Figure 2D). Contrasting observations have been
reported in soybean, where SPM (0.4 uM) enhanced chloro-
phyll a content in osmotically stressed leaves but slightly
increased the content of chlorophyll b [51]. Our results show
that ND and SPM treatments produce a significant increase
in H,O, content, which promotes oxidative stress in C. tenui-
flora cultures, therefore the decrease in chlorophyll con-
tent under N deficiency might result from photooxidation or
chlorophyll degradation. In another study, addition of exoge-
nous polyamines increased H,O, production leading to oxida-
tive stress [47]. Oxidative stress resulting from ND stress and
exogenous SPM may explain the strong chlorosis observed in
C. tenuiflora in this study.

Our results show that ND and the SPM addition promote
an oxidative stress generated by the increase in H,O, con-
tent; this is significantly greater than the control when ND
is combined with exogenous SPM (Table 1). It has been
reported that ND in plants promotes an increase in reactive
oxigen species, including H,O,, which triggers an oxidative
stress [52]. Itis also known that this increase in H,O, concen-
tration can be generated by the oxidation of polyamines [53].
There is evidence that under oxidative stress conditions there
could be an increase in contents of both PA and H,0,, and
that this process can occur in parallel or in succession with
each other, causing these molecules to act synergistically or
independently [21]. Therefore, we can hypothesize that the
addition of SPM to the culture medium together with the ND
promotes, in addition to the increase in the production of
H,0,, a greater accumulation of PA in C. tenuiflora, and that
both molecules participate in the activation of signaling cas-
cades and transcription factors that promote the increase of
bioactive compounds involved in the defense response of the
plant [54].

As expected, N stress increased PAL activity in leaves,
induced accumulation of anthocyanins, and increased the
TPC. These observations were consistent with the results of
our previous study on C. fenuiflora under a lower degree
of stress [34] and with results from studies on Matricaria
chamomilla [11] and Achillea collina [12]. We found that
SPM alone did not stimulate PAL activity in C. fenuiflora,
does not produce an increased in TPC and PhGs and nei-
ther does anthocyanin biosynthesis (Figures 3 and 4). Exoge-
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nous SPM with N stress resulted in maximal PAL activity and
the highest levels of total phenols, PhGs, and anthocyanins.
In other studies, SPM treatments (0.1 and 1 mM) alone did
not enhance PAL activity relative to the control in Ocimum
basilicum L. [55]. Spermidine (10 uM) induced deposition
of phenolics in roots of maize [46] and spermidine stress
(0.05 mM) along with drought-stress increased the total phe-
nols and flavonoids content in Trifolium repens [56].

Of the 11 secondary metabolites identified in C. tenuiflora,
three had already been reported for both in vitro cultures and
wild plants (aucubin, verbascoside and isoverbascoside) and
the other eight have been detected only in wild plants. This is
the first time that the accumulation of the lignan tenuifloro-
side, which has antidepressant activity [7], has been detected
in in vitro cultures of C. tenuiflora.

In this work, SPM is not used as a source of inorganic
N; however, complementing the N-deficient culture medium
with exogenous SPM does not represent an increase in cost in
relation to using the B5culture medium with 100% N.

S | CONCLUDING REMARKS

In this work, a temporary immersion system was used to culti-
vate C. tenuiflora shoots under N-deficiency conditions. The
shoots were subjected to this abiotic stress to enhance the pro-
duction of bioactive compounds. Plant growth and develop-
ment was affected by N stress, but exogenous SPM enhanced
growth and resulted in increased accumulation of secondary
metabolites with important pharmacological activities. Appli-
cation of SPM partially counteracted the adverse effects of N-
deficiency stress in C. tenuiflora by stimulating the synthesis
of antioxidant compounds.

The increase in secondary metabolites in response to SPM
an N-Deficiency offers a biotechnological system both for
studies on the biosynthesis of these bioactive compounds and
for its production.
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