Agrociencia

PHENOTYPIC DIVERSITY IN Calendula officinalis L.

REGARDING PLANT GROWTH, PHOTOSYNTHETIC TRAITS,

Citation: Salomé-Abarca,
LF, Gonzalez-Hernandez
VA, Soto-Hernandez RM,
Ramirez-Ramirez I, Cruz-
Huerta N. 2024. Phenotypic
diversity in Calendula officinalis
L. regarding plant growth,
photosynthetic traits, flower
yield, and oil content.
Agrociencia. https://doi.
org/ 10.47163/agrociencia.
v58i4.2922

Editor in Chief:
Dr. Fernando C. Gomez Merino

Received: December 11, 2022.
Approved: June 06, 2024.
Published in Agrociencia:
June 24, 2024.

This work is licensed
under a Creative Commons
Attribution-Non- Commercial
4.0 International license.

FLOWER YIELD, AND OIL CONTENT

Luis Francisco Salomé-Abarca!, Victor Arturo Gonzalez-Hernandez?,

Ramoén Marcos Soto-Hernandez?, Ivan Ramirez-Ramirez?, Nicacio Cruz-Huerta*

!Colegio de Postgraduados. Posgrado de Recursos Genéticos y Productividad-Fruticultura.
Carretera México-Texcoco Km. 36.5. Montecillo, Texcoco de Mora, México. Z. C. 56264.

*Colegio de Postgraduados. Posgrado de Recursos Genéticos y Productividad-Genética.
Carretera México-Texcoco Km. 36.5. Montecillo, Texcoco de Mora, México. Z. C. 56264.

*Colegio de Postgraduados. Posgrado en Botanica. Carretera México-Texcoco Km. 36.5.
Montecillo, Texcoco de Mora, México. Z. C. 56264.

*Colegio de Postgraduados. Posgrado de Recursos Genéticos y Productividad-Fisiologia
Vegetal. Carretera México-Texcoco Km. 36.5. Montecillo, Texcoco de Mora, México. Z. C. 56264.
* Author for correspondence: vagh@colpos.mx

ABSTRACT
Pot marigold (Calendula officinalis L.) is an annual herb-shrub distributed worldwide. It
possesses multiple therapeutic applications as an antimicrobial, antioxidant, antiviral, anti-
inflammatory, anti-cancer, and cosmetic agent. Despite its importance, its physiological traits,
including photosynthetic parameters, plant growth kinetics, and oil content variation among
phenotypes, remain unknown. Five contrasting phenotypes (S1 to S5), derived from a single
variety, were characterized. Physiological variables evaluated included plant growth kinetics,
growth rate indexes, A-C, response curves, flower and oil yield, and oil chemical composition
across eight harvesting dates. Phenotype S1 yielded the highest biomass because of its extended
acceleration and deceleration growth stages during a longer period. Phenotype S1 also produced
higher yields of harvested flowers and essential oil. Phenotype S2 also showed a high content
of essential oils. This phenotypic diversity found in a single variety of pot marigold could be
used for breeding this crop; for example, the crossing of S1 x S2 may produce F1 progenies
with improved growth rates, flower yields, photosynthetic rates, and essential oil yield. Besides,

phenotype S1 could be used directly for commercial planting.

Keywords growth rate, growth stages, leaf area, essential oil, 6-cadinene.

INTRODUCTION
Pot marigold (Calendula officinalis L.) is an annual herb-shrub distributed and cultivated
worldwide that stands out because of its beautiful yellow-orange colors (Givol et al.,
2019). This species is widely recognized for its multiple medicinal properties, which
include antibacterial, antifungal, antioxidant, antiviral, anti-inflammatory, and anti-
cancer effects, as well as cosmetic applications (Muley et al., 2009; Jan et al., 2018; Silva
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S1

et al., 2021; Jabborova et al., 2019; Cruceriu et al., 2018; Mur et al., 2021). These multiple
benefits are linked to specialized metabolites such as essential oils, carotenoids, and
flavonoids (Salomé-Abarca ef al., 2015; Ashwlayan et al., 2018). Pot marigold breeding
has been focused on improving four traits: ornamental value, flower yield and oil
volume per hectare, medicinal-derived product quality, and plant resistance to
diseases and pests. Thus, new pot marigold cultivars should grow efficiently, allocate
more biomass to flowers, and produce a higher flower yield (Zitterl-Eglseer et al., 2001;
Baciu et al., 2013; Samatadze et al., 2019). In addition, the physiological and chemical
characterization of the phenotypic variation in traits like photosynthesis, growth, and
metabolite content should help identify outstanding individuals.

In this context, in the Central High Valleys of Mexico, morphological and pigment
variation among individual plants of a common and heterogeneous variety was
reported (Soto-Hernandez et al., 2013). Such variation also included differences in
flower yields. From these variants, five phenotypes were selected based on their
persistent and stable flower traits (Figure 1). This study focused on the physiological
characterization of these five selected phenotypes regarding plant growth efficiency,
photosynthetic parameters in response to leaf internal CO, concentrations, flower/oil
yield, and oil chemical composition. The study determined what growth characteristics
are determinants of higher total biomass accumulation and flower/oil yield and
proposed the best phenotypes for pot marigold breeding and commercial production.

S2 S3 S4

Figure 1. Flower heads of five selected phenotypes of pot marigold (Calendula officinalis L.) named from S1 to S5.

MATERIALS AND METHODS

Greenhouse and field management
Seeds from each phenotype were germinated under greenhouse conditions in trays
with 200 cavities filled with a 1:1 forest soil:peat moss mixture, and each cavity received
one seed. The 90-day-old seedlings were then transplanted to a field experimental
station at 19° 19" N, 98° 53" W, at an altitude of 2250 m (29.8 °C maximum, 10.4 °C
minimum, 39.6 mm of rain). Plants were distributed into 95 cm-wide rows, with 60 cm
between plants along the row, achieving a planting density of 22 600 plants ha™. The
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experimental unit was three rows of 5 m long. The five phenotypes were randomly
assigned in a completely randomized design with three replicates. The field-grown
plants were fertilized three times: twice with Bayfolan Forte™ (11.5N-8P-6K, Bayer)
sprayed at 20 and 40 days after transplant (DAT), and one third time with Yaramila™
Complex (12N-11P-18K) applied at 90 DAT. Plants were irrigated every 2 weeks,
except during the rainy season.

Plant growth analysis
For this analysis, one plant per phenotype and per replicate was sampled every 2
weeks for 16 weeks. Each sampled plant was dissected into leaves, stems, roots, and
mature and immature flower heads (when present). All plant organs were oven-dried
at 70 °C (Riosa™ Inc., Mexico) for 72 h. The dry weight of each organ, representing the
accumulated biomass at each sampling date, was measured with an analytical scale
(Explorer™, Ohaus, USA). The averages of organ weight (n=3) for each phenotype and
sampling date were plotted against plant age, and then several growth models were
tested for each curve. The best-fit equations per organ and phenotype were chosen
according to the highest coefficient of determination (R?) provided by the software
Curve Expert Professional V. 2.0™, as reported by the logistic model (Equation 1).
To visually appreciate the fitness of predicted data against recorded data, both were
plotted on the same graph. The growth phases for each phenotype were determined
by the changes in their growth rates across the season, according to the predicted data:

_r
(l + be‘f") (1)

where 2 = asymptotic weight; b = initial weight; e = Euler’s number (2.7182); c = growth
rate; and x = days after transplant.

Growth rate analysis
Growth rates (GR) and relative growth rates (RGR) were calculated using the formulas
quoted by Kumar et al. (2018) from data predicted by the best-fit models (Equations
2 and 3). Biomass allocation was assessed for two organ groups: vegetative and
reproductive organs. GR (in g d*) was calculated as follows:

GR=(P2-Pl)/(2- 1) @)

where P1 and P2 = dry weights at two successive samplings; and 1 and 2 = days after
transplant at sampling dates 1 and 2.

RGR (in g g' d") was calculated as follows:

RGR=1n (P2 - P1)/In (2 - t1) 3)
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where In =natural logarithm (based on Euler’s number, 2.71828); P1 and P2 = predicted
dry weights at two successive sampling dates; and 1 and {2 = days after transplant at
dates 1 and 2.

The sink strength (SSt) per organ was estimated by the product of the sink size (SSz,
in grams of biomass) multiplied by the sink activity (SA, estimated by the relative
growth rate RGR, in g g™ d), as previously reported by Aguilar-Ledn et al. (2006).

Leaf area (LA)
The leaf area per plant was measured on each fresh individual leaf separated from
every-plant in each phenotype (three plants per phenotype). LA measurements were
done with a leaf area meter LI-3100® (LICOR, Inc.; Lincoln, NE, USA), and means
were expressed in cm? per plant + standard deviation.

Flower yield

Four plants per phenotype were sampled to determine flower yield per plant at eight
harvesting dates (n = 160). The initial flower sampling was done when 30 % of the
plants had started to bloom; thereafter, only fully open, mature flowers were harvested
every week. Flowers were harvested manually by cutting right under their bases and
oven-dried at 40 °C for 48 h. The flower dry weight was measured with an analytical
scale (Explorer™, Ohaus, USA), and the total flower dry weight per plant (sum of the 8
harvest dates) was reported as floral yield (g plant’) and as floral biomass per hectare
(kg ha') £ standard deviation (n = 4).

Photosynthetic kinetics (A-C, curves)

A photosyntheticcurve foreachmarigold phenotype was constructed with the following
traits: instantaneous photosynthetic rate (A) at the youngest-mature leaf per plant, in
response to increasing concentrations of atmospheric CO, (Co) and intracellular CO,
(Ci), in four different plants per phenotype (n = 20). A portable infrared gas analyzer
(LI-COR model LI-6400™, USA) was used for these measurements. This equipment
was coupled to a LICOR CQO, dispenser (LI-COR 6400-01™) to provide the following
series of CO, concentrations for each curve: 400, 300, 200, 100, 0, 400, 600, 800, 1200,
and 1600 umol CO, mol™. In each replicate, the environmental conditions were kept at
21 °C for leaf temperature and 45 % relative humidity. All measurements were done
under field conditions between 11:00 and 14:00 h, under completely clear skies, on
randomly selected plants for each phenotype.

The LI-6400 analyzer calculated the C,for each measured leaf based on the Co. The
A-Ci curves for each phenotype were constructed with the averages (n = 4) of A and
Ci for each CO,-imposed concentration. A trend line was then adjusted by linear and
non-linear regressions to each graph, and the compensation and saturation points
(CP and SP) were estimated from the adjusted curves. The rubisco efficiency was
calculated by fitting a linear regression in the transition zone between respiration
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and photosynthesis. The maximum carboxylation velocity (V_ ), ribulose phosphate

cmax

regeneration (/ ), and the use of triose phosphates (TPU ) were calculated with the

max: max:

program developed by Sharkey et al. (2007).

Enfleurage

Essential oils were extracted by the enfleurage technique applied to the dried
inflorescences harvested from each marigold phenotype at four harvesting dates.
Briefly, 100 g of vitellaria vegetable fat (Vitellaria paradoxa) were heated at 40 °C until
a liquid state was reached, without boiling. Immediately, 3 g of dry inflorescences
were added for oil extraction at 40 °C for 20 min. The vitellaria liquid fat containing
the flowers was poured on top of a glass plate placed over ice for rapid solidification.
Subsequently, 5 g of flowers were spread over the solidified fat layer. After 4 d of
extraction, the fat was heated again and extracted with 50 mL of cold ethanol 95 %. The
aromatic extracts were centrifuged at 4499.95 Xg for 5 min and then vacuum filtered.
Ethanol was then evaporated in a rotary evaporator at 30 °C, and the extracted oils were
transferred to 1.5 mL glass vials under a fume hood, to allow the remaining solvent to
evaporate at room temperature. The oil yield was then calculated by multiplying the
oil weight by 100 and dividing the product by the inflorescence dry weight used for
extraction (8 g).

Gas chromatography coupled to mass spectrometry (GC-MS)

The chemical composition of the essential oils extracted from the five phenotypes at
different harvesting dates was determined by GC-MS. A Hewlett Packard HP 6890
Series® chromatograph coupled to a single quadrupole mass detector (HP 5973) was
employed to perform these analyses. The GC was equipped with an HP5-MS column
(30 m x 0.250 um and 0.25 um stationary phase thickness). Helium (99.9 % purity) was
used as carrier gas at a flow rate of 1 mL min™. The oven temperature started at 40 °C
and then increased at a rate of 5 °C min™ until reaching 220 °C.

Compound identification was made by comparing the obtained mass spectra with
those available in the NIST library V. 2014. Additionally, n-alkane co-injections were
done to calculate the modified Kovat indexes (KI) with the van de Dool and Kratz
equation (Equation 4):

(Fp)x=(t'p) c

(F)c+1-(t)c @

KI=100* C+100

where C =number of carbons in the compound; (#',) x = corrected retention time of the
compound calculated with the toluene retention time; (#',) ¢ + 1 = corrected retention
time of the alkane detected after the peak of the target compound; and (#',) c =retention
time of the alkane detected before the target compound.
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Statistical analysis

For the biomass allocation analysis, we used averaged data from the sixth (87 DAT)
and seventh (102 DAT) sampling dates, which corresponded to the dates with the
highest biomass accumulation in all phenotypes. These data were statistically analyzed
using the Tukey test for mean comparisons (p < 0.05). Flower yields were analyzed,
considering phenotype and harvest date as the sources of variation in a completely
randomized experimental design under a factorial arrangement of treatments
(phenotype x harvest date). All tests (p < 0.05) were done with the statistical software
SAS V. 8.1 (SAS Institute).

RESULTS AND DISCUSSION

Plant growth analyses
The five marigold phenotypes showed sigmoidal growth kinetics with four or five
stages (La, lag; A, acceleration; Li, linear; D, deceleration; and S, stationary); only S1
did not show the linear stage (Figure 2). At 87 DAT, phenotype S1 reached its highest
biomass accumulation with 228 g of dry biomass per plant, a dry weight at
least 20 % heavier than the other phenotypes, which accumulated less than 200 g of
biomass per plant. Phenotypic contrasts were also detected on growth parameters for
the logistic model: S1 had the highest values in the initial (a) and maximum (b) weight
parameters, while S2 stood out by having the highest growth rate (c) (Table 1). All
chosen models showed statistically high fitness values (R? > 0.98), so they are reliable
models for predicting marigold growth kinetics for plants grown in environmental
conditions similar to this research.
Phenotypic differences in total biomass accumulation were mainly related to longer
durations of the acceleration and deceleration stages. Phenotype S1 showed the longest
acceleration and deceleration stages, 45 and 30 days, respectively (Figure 2A). Besides,
S1 formed leaves for 20 days more than the other phenotypes. S2 showed a faster
acceleration stage (Figure 2B), but it only lasted 32 days, and its plants grew 11 days less
than S1. Conversely, S3 showed the lowest biomass accumulation rate during its short
acceleration stage (Figure 2C) and ended with the lowest total biomass. Phenotypes
S4 and S5 showed similar trends to those of S3 (Figures 2D and 2E). These analyses
demonstrate that the acceleration and deceleration stages are the most determinant
growth stages for biomass accumulation in marigold plants.
Other important phenotypic differences occurred in biomass allocation among
plant organs. Flower heads, the most economically important organ in marigold,
represented only 3.34 to 6.67 % of total biomass. Phenotype S1 stood out by its highest
stem biomass accumulation and S2 by its higher biomass accumulation in leaves and
inflorescences (p <0.05). On the other hand, S5 and S3 were distinguished by allocating
more biomass to roots (p < 0.05); phenotype 54 always showed intermediate biomass
allocation values (Table 2).
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Figure 2. Growth curves of total biomass accumulation in five pot marigold (Calendula officinalis L.)
selected phenotypes (S1 to S5), expressed in g plant’. A: phenotype S1; B: phenotype S2; C: phenotype
S3; D: phenotype S4; E: phenotype S5. Growth stages L: lag; A: acceleration; Li: linear; D: deceleration; S:
stationary. The data are averages of three replicates; vertical bars indicate + standard error. The solid line

represents predicted data, while solid points represent observed data.
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Table 1. Values for growth parameters a, b, and c corresponding to the logistic

equation y = a/(1+be) used to simulate the kinetics of total biomass accumulation
in five selected phenotypes (S1 to S5) of Calendula officinalis L

Phenotype a(g) b c(ggtd?) R?
S1 2.220E+02 9.025E+02 1.033E-01 0.98
S2 1.574E+02 1.827+03 1.310E-01 0.99
S3 1.610E+02 2.014E+03 1.214E-01 0.99
S4 1.750E+02 4.467E+02 9.878E-02 0.99
S5 1.941E+02 7.187E+02 1.005E-01 0.99

a: initial weight; b: maximum weight or asymptotic weight; c: growth rate; R%

determination coefficient per phenotype.

Table 2. Average distribution of biomass allocation among plant organs in five selected phenotypes
(51 to S5) of Calendula officinalis L.

Organ S1(g) 52 (g) S3 (g) 54 (g) S5 ()
Stem 136.15 A 52.65 E 7490 D 94.36 C 102.84 B
60.12 % 33.10 % 46.97 % 54.67 % 53.10 %

Leaf 7149 B 85.00 A 61.52 C 63.50 C 65.95 BC
31.57 % 53.43 % 38.58 % 36.78 % 34.05 %
Root 11.24 B 10.79 B 16.82 A 7.38 C 18.08 A
4.96 % 6.78 % 10.55 % 4.27 % 9.34 %

Flowers 7.57 B 10.64 A 6.22 C 7.38 B 6.79 BC
3.34 % 6.69 % 3.90 % 4.27 % 3.51 %
Total 226.45 A 159.08 D 159.46 D 172.61 C 193.66 B

Values are average data (n = 6) of the sixth (87 DAT) and seventh (102 DAT) sampling dates, which
correspond to the points with the highest biomass accumulation for all phenotypes. Percentage (%)

of biomass assigned to each organ with respect to total biomass; S: phenotype. Phenotype mean

values are compared in the same row by organs in a Tukey test (p < 0.05); different letters indicate

significant differences between phenotypes.

Canopy size measured by the leaf area (LA) per plant was similar in the five phenotypes

until 27 DAT; thereafter, the phenotypic differences in this trait became evident during

the rest of the growing season, from 42 to 117 DAT, when S1 and S2 accumulated

14 123 and 14 601 cm? per plant, respectively (Figure 3). S5 only accumulated 58 % of
the LA recorded in S2, with 8491 cm? per plant. When phenotypes S1 and S2 reached
their largest LA, they already were at the stationary growth stage; their top LA (ca.

14 000 cm? plant™) was about four times higher than the one reported for marigold var.

‘Bonina sortida” with 4470 cm? per plant (Hondrio ef al., 2016). This quoted low LA
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Figure 3. Kinetics of leaf area per plant in five pot marigold (Calendula officinalis L.) selected
phenotypes (S1 to S5) measured through eight sampling dates. Data are averaged values (n = 3);
vertical bars correspond to + 1 standard deviation.

value seems to be due to the scarce flower harvestings done in that research, because it
resulted in a lower branch and flower formation. Finley and Aarssen (2022) claim that
periodical floral harvests in marigold promote sprouting of new shoot branches and
thus a higher number of flowers.

Regarding other growth parameters of marigold, such as growth rate (GR) and
relative growth rate (RGR), we found notorious contrasts among plant organs and
phenotypes. For instance, the GR, which also estimates the sink strength, for the
reproductive organs was about 10 times smaller than the GR for vegetative organs.
This large difference between vegetative and reproductive organs may explain why
calendula flowers received less than 7 % of the total biomass (Table 2). The vegetative
organs reached the highest GR at 57 DAT in S2, while in the other phenotypes the
peak occurred 15 days later (Figures 4A and 4B). As expected, the highest GR occurred
at the end of the acceleration growth stage in all phenotypes. For the reproductive
organs, the maximum GR occurred at 57 DAT in phenotypes S1, S2, S3, and S5, while
in 54, the earliest phenotype, it occurred at 42 DAT. Considering all measured growth
parameters, phenotypes S1 and S2 stood out for having the highest reproductive sink
strength, which explains the highest biomass allocation in their flower heads (Figure
4B).

Contrary to the GR pattern, the RGR of the reproductive organs (Figures 4C and 4D)
was similar to that of vegetative organs at the early stages of plant growth (up to 47
DAT). However, afterwards, the higher sink activity (i.e., higher RGR) occurred in
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Figure 4. Growth efficiency indexes of vegetative and reproductive organs in five pot marigold (Calendula
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accumulation among all phenotypes.
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the vegetative organs during the rest of the growing season. This shift in sink organs
may be attributed to the stem branching process, since to produce more new flower
heads, new branches must be formed first. The internal competition among organs for
photoassimilates clearly favors vegetative allocation, as was exemplified in phenotype
S1 (Figure 4E). Moreover, at an early growth stage (42 DAT), phenotype S2 showed the
highest vegetative and reproductive RGR values, 0.13 and 0.11 g g* d*, respectively.
Considering that the RGR is an indicator of meristematic activity (Kumar et al., 2018),
then S2 is the phenotype with the most active shoot meristematic activity; in contrast,
S5 had the lowest RGR value (30 % less than S2) for reproductive organs, associated
with the smallest flower biomass in S5. Therefore, a high RGR value for reproductive
organs might indicate a high potential to reach a higher yield. In this context, even
though the RGR declines progressively as plants age, differences between phenotypes
might explain the flower yield differences across harvesting dates. At the end of
the growth season, the RGR phenotypic differences vanished due to a generalized
decrease in the capacity to form new branches and new flowers (Figure 4D).

Photosynthetic parameters

Even though S1 was the best at biomass accumulation, this phenotype did not have
the best photosynthetic features. In fact, S1 was the most limited phenotype regarding
photosynthetic parameters. In general, the mathematical models obtained for the A/
Ci curves of the five marigold phenotypes had good fittings between observed and
predicted data (Figure 5). From these curves, it was evident that phenotype S1 has the
lowest Ci saturation point of around 600 ppm (Figure 5A), while S2 got the highest Ci
of c.a. 1200 ppm (Figure 5B). Phenotypes S3, 54, and S5 showed similar photosynthetic
kinetics with A values in the range of 35 to 45 umol CO, m? s™ that occurred at Ci of
c.a. 960 ppm (Figures 5C, D, and E).

Such photosynthetic trends allowed for the classification of the phenotypes into
three groups: (1) S1 as the lowest in A ; (2) S2 as the highest in A ; and (3) S3,
S4, and S5 with intermediate A
in other photosynthetic parameters (Table 3). For instance, the CO, saturation point
ranged from 30 to 74 Pa (384 to 947 ppm of Ci) among
phenotypes, where S1 and S4, respectively, had the lowest and highest values.

values. The five phenotypes also showed contrasts

max

(Psat) needed for reaching A
Therefore, S1 reached a lower Amax compared to the other phenotypes because of
its lower ability to use high concentrations of CO,; S1 also had the lowest rubisco
efficiency among all five phenotypes (Table 3).

According to Sharkey et al. (2007), differences in A
factors of the photosynthetic process: the maximum carboxylation rate (V_ ), ribulose

are associated with three limiting

max

phosphate regeneration rate (J, ), and triose phosphate use (TPU, ). Among the five
studied phenotypes, S1 had the lowest values on these three parameters (Table 4).
Then, S1 may be regarded as the most limited phenotype in terms of photosynthetic
potential. On the other hand, phenotypes S2 and S3 had the highest |  rates;

furthermore, S2 was also remarkable for its high TPU . Conversely, phenotype S3
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Figure 5. Kinetics of net photosynthesis rates in response to internal CO, concentration (A/Ci curves) of five
pot marigold (Calendula officinalis L.) selected phenotypes (S1 to S5). A: S1; B: S2; C: S3; D: S4; E: S5. The Ci
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Table 3. Photosynthetic parameters (compensation (PC) and saturation (P_,) points for
CO,, maximum photosynthetic rate (A, ), and rubisco efficiency (REf)) of five Calendula

officinalis L. phenotypes (S1 to S5). The measurements were done at the blooming stage,
from 77 to 84 days after transplant.

Phenotype PC CO?, Psat COP, Amaxe Ref 4 5Q
S1 30.72 384 26.9 1.9 21.00
52 42.24 793 50.1 2.0 3.02
S3 40.96 832 45.0 2.4 2.59
S4 37.12 960 40.4 2.0 791
S5 33.28 448 37.8 35 34.25

sexpressed in ppm, "expressed in ppm, ¢ and ‘expressed in umol CO, m? s™; SQ: sum of
squares of the model.

Table 4. Photosynthetic parameters at 25 °C calculated as proposed by Sharkey et
al. (2007) in five selected phenotypes (S1 to S5) of pot marigold (Calendula officinalis
L.). All measurements were done at the blooming stage, between 77 and 84 days
after transplant.

Phenotype ve, @ o TPU, .* gm®
S1 127.0£12.5 123.3+4.6 7.6+0.6 24.6+0
S2 1728+ 7.5 279.5+14.4 199 +0.9 12.6 £7.3
S3 204.5+10.7 237 +14.3 174+1.1 52+1.5
54 155.8+12.5 211 +28.8 155+2.1 246+73
S5 215.8 +£30.9 218 +6.9 14.8+0.8 249+9.3

: maximum

max”

carboxylation rate; ] _:ribulose regeneration rate; TPU _: triose phosphate usage;

max’ max”

Each value represents an average + standard deviation (n = 4). V.

gm: mesophyll conductance. “Data expressed in pmol m? s, *data in umol m=? s
Pa'.

showed a low mesophyll conductance (¢gm), indicating a slow CO, diffusion into the
chloroplasts, which might be a photosynthetic limitation (Evans, 2020). However, the
J... and TPU _ values (Table 4).
Considering all the measured photosynthetic parameters, S2 may be regarded as the

poor condition of S3 was ameliorated by its high V

cmax” max

best phenotype for photosynthetic performance.

Compared to other plant species that have been subjected to this type of photosynthetic
measurement, such as Acacia mangium Willd., Buchanania arborescens Blume, Dillenia
suffruticosa (Griff.) Martelli, Calophyllum inophyllum L., and Ploiarium alternifolium
Korth., in which the A _values ranged between 10 and 13 umol CO, m? s (Benner et
al., 1988; Ibrahim et al., 2021), our five pot marigold phenotypes showed much higher
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A values (26.9 to 50.1 umol CO, m? s™). The marigold A values were also higher
than those of Rubus plant species (15 umol CO, m? s™) (Mcdowell, 2002). Moreover,
the V  values of marigold phenotypes (127 to 215 umol CO, m? s™) were much
higher than the average V_ of herbaceous C3 plants (75 umol m? s™) as reported by
Woullschleger (1993). These comparisons indicate that pot marigold is, in general, a
photosynthetically efficient species. The wide photosynthetic diversity registered in
the five studied marigold phenotypes might be used for plant breeding in order to
increase photosynthesis and biomass accumulation efficiency in marigold varieties.
Other physiological parameters might be added to select the best progenies.

a.

Flower and oil yield
As mentioned above, flower yield was measured only in mature open flowers, as
they are commonly harvested. This means that all immature flowers were excluded
for measuring flower yield, whereas for the plant growth analysis, all flowers were
included, both mature and immature. According to this flower yield evaluation, S1
produced the highest flower yield among the five phenotypes (Table 5), as well as
the highest biomass accumulation in the stem and in the whole plant. Since S1 also
had the highest flower GR (Figure 3B), these flowers accumulated more biomass,
and a larger amount of bloomed flower heads were collected at every harvest date,
which explains why S1 reached the maximum flower yield among all five phenotypes.

Table 5. Flower yield of five selected phenotypes (S1 to S5) of pot marigold (Calendula officinalis L.) through
eight harvesting dates, and the Phenotype (P) x Harvest Day (HD) interaction.

Phenotype
HD s1 s2 S3 s4 S5 X by HD
DAT (kg ha) (kg ha) (kg ha) (kg ha) (kg ha) (kg ha')
56 737n.p  740n..p 82.3j..p 9%.0j..p  439p 740 F
63 100.61i...p 774 m...p 89.9j...p 101.15...p 64.3 op 86.7 EF
70 1275h..0  8091.. 975i..p  1063i.p  848j.p  994E
77 2644a..c 2178b..f  2325b..e  1732e.h 1856d..h 2147B
84 2354b..e 2361b..e  2372b..e  1798d.h 1840d..h 2145B
91 309.2 a 2570a..c  2822ab 3189a 209.1c..g 2753A
98 2405b..d 1263h..o  1405h..m 1632f.i  1335h.n 160.8C
105 1443g.1 1423h..k  1052i.p  1478g.j  8l5k..p 1242D
Cumulative yield = o5 5 12119B 12675B 1286.3B 986.7 C
per phenotype
X yield by 186.9 A 1515B 158.43 B 160.8 B 1233 C
phenotype per HD

Data represents the mean value across replications, expressed in kilograms of dry matter per hectare (kg ha™).
Averages followed by different capital letters in a column or a row are statistically different in that column or
row, according to the Tukey test (p < 0.05). Averages followed by different lowercase letters in a column or a
row are statistically different in that column or row in a Tukey test (p < 0.05). DAT: days after transplant.
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The second-highest flower-yielding phenotype was S2, a phenotype that also had
a large leaf biomass and the lowest stem dry matter. These results suggest that the
instant net photosynthesis rate (A) in all phenotypes was enough to supply sugars
for plant and flower growth and for getting the highest flower yield in S1. Therefore,
a high dry matter accumulation in the stem, the organ with branches where flowers
are developed, is not essential to obtain a high flower yield, but stem branching is
necessary for flower production, as observed in phenotype S2, which produced many
flowers and obtained the second highest flower yield (Table 5). Phenotype S2 stands
out for doubling the photosynthetic capacity (A, ) of S1.

Therefore, in marigold plants, the stem ability for branching is a trait closely associated
with flower yield, and branching is promoted by periodical flower harvests. Other
factors involved could be the plant architecture and leaf angle (traits not measured
here), because they could modify the amount of photosynthetic active radiation
(PAR) intercepted by the canopy, as pointed out by Emmel et al. (2020). By computing
the stem biomass/leaf biomass ratio, the following morphological differences were
detected between S1 and S2: S1 assigned about 60 % of total biomass to stems and
30 % to leaves (stem:leaf, 2:1), while S2 assigned around 30 % biomass to the stem
and 54 % to leaves (stem:leaf, 1:2) (Table 2). This allocation comparison shows that
phenotype S1 grows more branches per plant but with fewer leaves per branch, while
S2 forms fewer branches but each branch has more leaves, which would probably
cause differences in the intercepted PAR by each phenotype.

In pot marigold, the most valuable organs are the flowers because of their medicinal
and industrial applications (Khalid and da Silva, 2012). Regarding the flower yield
monitored through eight harvests across the season, there were statistical differences
among phenotypes (P) and harvest dates (HD), as well as for the P x HD interaction
(p < 0.01). These results clearly show that the five marigold phenotypes vary in
flower yields through the cutting dates. S1 reached the highest mature flower yield
accumulated through the growing season (p < 0.05). Interestingly, S2 allocated more
biomass to flowers, including both mature and immature buds, thus possessing a
higher sink strength (Table 2), a trait that could potentially be used to increase its
flower yield. This phenotypic difference may be explained because S1 developed
more mature flowers at each harvesting date, so with each harvest (i.e., pruning), the
stem would be induced to develop a higher number of new lateral branches. On the
contrary, S2 with a smaller number of mature flowers at each harvest date would
induce a smaller stimulus for branching formation and, consequently, a lesser flower
yield than S1.

Nonetheless, phenotype S2 has the physiological potential to reach the highest flower
yield by accelerating flower development (faster maturation). Since continuous
flower production across the growing season in marigold plants is prevented by
apical dominance, which suppresses the development of lateral buds (required for
branching). Therefore, when flowers are harvested, the apical dominance of that
branch is temporarily suppressed, thus allowing the sprouting of axillary meristems
for producing new branches (Finley and Aarssen, 2022). This means that each flower
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harvest will promote the formation of new flowers. In marigold plants, each flower
harvest also delays the leaf senescence process while promoting new secondary
shoots (branches), so that periodical flower harvestings would result in a higher
flower yield accumulated through the season. In pot marigold grown at Samsum,
Turkey, on 24 harvesting dates over four months, the total flower yield was 566 kg ha™
DW (Caliskan and Kurt, 2018), while in our study, the phenotype S1 yielded 1495 kg
ha' DW in a harvesting period of only two months. Therefore, for pot marigold, the
number of harvested flowers is more correlated to the flower yield than to the number
of harvesting dates across the season.

Across the harvest dates, the sixth one (91 DAT) rendered the maximum flower
production (p < 0.05). On this harvest, phenotypes S1 and S4 showed their highest
yields, which are higher than those reported by Acosta-de la Luz ef al. (2001) for
pot marigold grown in Cuba (200 to 300 kg ha' DW). Considering the total flower
production accumulated across the season, phenotype S1 outstands as the best in
flower yield (p < 0.05). Interestingly, the phenotype ranking for flower yield (Table 5)
matches the phenotype ranking for leaf area (Figure 2). This close association between
leaf area and flower yield shows the importance of leaf surface as an important
component of the source strength for suppling sugars and nutrients required for
flower development and growth, considering flower yield as the most important sink
strength in marigold in terms of sink-source relationships.

Essential oil content and chemical variation

The content of relevant compounds in the marigold flowers, such as carotenoids,
flavonoids, and essential oils, is important because these flowers are used for medicinal
and industrial purposes (Kurzawa et al., 2022). The essential oils had received broad
attention because of their diverse biological effects (Zengin et al., 2021). In our study,
phenotypes S1, S2, and S5 maintained constant oil content through the growing season,
while S3 and 54 showed a notorious increment in oil yield from the first to the sixth
harvest (Table 6). According to flower mass essential oil yield, phenotype S2 showed
the highest oil yield. However, when combining the average floral yields (kg DW ha™)
with their corresponding oil yields (g 100 g DW) in each phenotype, the resulting oil
yields for phenotypes S1, S2, S3, S4, and S5 were 6.73, 6.51, 6.18, 5.79, and 4.56 kg of
oil per hectare (Table 6), respectively. In this rank, phenotypes 51, S2, and S3 stand as
the best ones for oil production under the tested field conditions. S2 flowers possessed
a higher content of oil, but S1 produced more flowers, thus yielding a higher amount
of oil per hectare.

Regarding the types of essential oils, the chromatographic analyses showed important
chemical variations among marigold phenotypes and harvesting dates. Phenotype
S4 was the most diverse, with 26 identifiable volatile compounds. The metabolite
diversity decreased in the other phenotypes as follows: S2 > S3 > S1 > S5, with 24, 23,
19, and 18 identified compounds, respectively (Table 7). The chemical composition
of essential oils included aldehydes, monoterpenes, and sesquiterpenes. Only the
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Table 6. Oil yield (relative content, %) in flowers of five selected phenotypes (S1 to S5)
of pot marigold (Calendula officinalis L.) harvested through four dates and extracted by

enfleurage.

Phenotype
DAT* S1 S2 S3 S4 S5 X by harvest
56 3.5+07 47+14 3.7+0.1 3.2+0.06 35+02 3.7+0.52
70 3.8+09 3.8+04 33+03 3.7+0.2 39+04 3.7+0.21
84 3.7+0.3 3.7+03 4.0+0.04 33+0.7 3.7+0.7 3.7+0.22
91 3.6+0.1 50+0.1 46+0.3 43+0.6 3702 42+0.53

X by phenotype 3.6+0.1 43+0.6 3.9+05 3.6+£0.5 3.7+0.2

The data represent average values (n =3) + standard deviation. °DAT, days after transplant.

sesquiterpenes copaene and o6-cadinene, was detected in all the phenotypes and
harvesting dates (Table 7). S2 and S3 stand out as the phenotypes with the highest
contents of 6-cadinene (30 to 45 % of the total oil content). This sesquiterpene has
been reported as having antibacterial activity against Streptococcus pneumoniae (Pérez-
Lopez et al., 2011). According to Babahmad et al. (2018), essential oils with high content
of cadinenes have been reported with a strong antimicrobial activity.

The chemical variation in essential oils through different harvesting dates has also
been observed by other researchers (Okoh et al., 2007). Most compounds found here
in phenotypes S1-S5 (Table 7) have been previously reported in the essential oils of
pot marigold (Okoh et al., 2007, Gazim, 2008; Okoh et al., 2008; Muley et al., 2009;
Krol, 2012; Ourabia et al., 2019; Sahingil, 2019). In general, 6-cadinene was the most
abundant volatile in all oils. This monoterpene has been previously reported in pot
marigold grown in Brazil, representing 27 % of its essential oils (Gazim, 2008), which
is about half the percentage found here in phenotype S3.

Moreover, three cadinene-like compounds (a-cadinene, 7-epi-a-cadinene, and
a-cadinol) are also contained in our marigold oils at good percentages (Table 7).
In S2, a-cadinene was present up to 7.5 % of the total oil content at the third and
fifth harvesting dates. This compound has been reported to be as high as 13 % in
pot marigolds (Okoh et al., 2008). The isomer 7-epi-a-cadinene was produced by
phenotypes S2, S3, 54, and S5 on different harvesting dates, with percentages ranging
from 5.5 to 7.5 %. According to Muley et al. (2009), this metabolite is a component of
the marigold essential oil. In S5, a-cadinol reached almost 8 % of the oil composition
extracted from the first harvesting date. This last metabolite is produced by other
species such as Syzygium aromatic L. and Juniperus communis L. (Zheljazkov et al.,
2017; Ayub et al., 2023), and it has been reported as an antifungal agent (Ho, 2011).
Moreover, a-cadinol has been proposed as a cure for antibiotic-resistant tuberculosis
(Bueno et al., 2011).
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Table 7. Chemical composition of essential oils extracted from five pot marigold (Calendula officinalis L.) phenotypes through four
harvesting dates, expressed in relative composition (%) compared to total content.

Phenotype Phenotype Phenotype Phenotype
KI* S1 S2 S3 S4 S5 S1 S2 S3 S4 S5 S1 S22 S3 S4 S5 S1 S2 S3 S4 S5
56 DAT 70 DAT 84 DAT 98 DAT

Benzaldehyde 707 05 - - 09 - 03 - 02 1 - - - 02 07 - - - 02 05 -
Octanal 801 - - - - - - - - 1.1 - - - - - - - - - - -
Nonanal 1000 02 - 02 15 37 03 07 04 11 - 02 - 03 1 - 02 - 03 07 -
Carene 1048 0.6 - - - - - - - - - - - - - - - - - - -
y-muurolene 1502 12 3 - - 33 07 - - - - 07 206 - 11 - - 5 07 - -
7-epi-a-cadinene 1507 - - 1 29 - - 7 28 74 63 - 7 29 51 48 - - 09 6 55
Epizonarene 1507 - 7.5 - - - - - - 02 - - 8 - 02 - - - - 02 -
Germacrene D 1510 - - 02 - - - - 02 09 - - 15 01 05 - - - 01 - -
Isoledene 1514 - 54 - - 61 - - - 03 - - 52 - 02 - - - - 25 84
Viridiflorol 1514 - - - - - - 31 - - - - - - - - - - - - -
a-muurolene 1515 - - 05 - - - - 13 37 84 - 1.5 - - 7.3 - - - - -
Caryophyllene 1516 01 - 01 - - - - - - - 01 - - - - 01 - - - -
O-cadinene 1519 56 293 24 37 329 68 41 4.7 82 458 45 399 39 84 408 24 39 1.7 72 449
a-cubebene 1520 04 - 02 - 07 07 37 04 05 29 04 17 02 - 18 02 23 02 - 24
a-cadinene 1528 2 - - - - 24 76 11 24 - 13 - 12 - - - 71 - - -
Copaene 1533 06 22 03 05 2 08 36 06 09 3 06 2 05 13 28 03 21 03 06 3.1
Aromadendrene® 1547 - - - 08 - - - - - - - 1.8 - 01 - - - - 03 13
B-cubebene 1550 07 37 03 - 24 12 59 08 05 58 01 34 05 - 47 03 41 03 - 5
Phellandrene? 1551 1.1 - - - - 09 - - - - 1 - 03 - - - - - - -
B-gurjenene 1555 04 - - - - - - - - - - - - - - - - - - -
Calarene 1556 - - - - - - - - - - - - - 03 - - - - 04 -
Longifolene 1558 - - - - - - 16 - - - - - - 01 - - - - 02 -
y-gurjenene 59 - 14 - 07 11 - - - - - 03 - 01 26 06 - - - - -
7-cadinol 1560 - - 02 - 61 - - 04 - 3 06 38 03 - - 02 - 01 - 31
7-mururolol 1561 - - - - - - - - - - - - 0.7 - - - - - - -
B-patchoulene 1562 - - - - - - - 01 - - - - - - - - - - - -
Aromadendrene 1563 - 03 01 - - - - - - - - - 01 - - - - - - -
Valencene 1563 - - - 05 - 09 - 01 03 08 - - 01 08 - - - - 02 -
a-cadinol 1564 09 - - - 78 09 - 05 - - 08 43 - - - - - - - -
Viridiflorene 1567 - - - 6 - - - 1 - - - - - - - - - - 36 -
Cedrene 1578 - - - - - - - - - - 02 - - - - - - - - -
Sesquirofuran 1578 - - - - - - - - - - 07 - - - - - - - -
a-elemene 1584 - - - - - - - - 02 26 - 12 - 52 - - - - - -
y-selinene 1600 - - - - - - - - 02 - - - - - - - - - - 48
a-eremofilene 1612 - - - 1.8 - - - 03 - - - - - 01 - - - - - -

*Retention index; “epi-bicyclosesquiphellandrene; "alloaromadendrene; “DAT: days after transplant.
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CONCLUSIONS

Five phenotypes derived from a single common variety of pot marigold showed
large contrasts in plant growth, photosynthetic parameters, flower yield, essential
oil content, and metabolite composition through eight harvesting dates. Phenotypic
differences in total biomass accumulation were positively associated with the duration
of the acceleration and deceleration growth phases. That is, longer acceleration and
deceleration phases provided higher total biomass accumulation. Phenotype S1
stands out as the most efficient for total biomass accumulation, flower yield, and
essential oils yield. Regarding growth parameters, high growth rates (GR) serve as a
selection parameter for high biomass accumulation phenotypes. On the other hand,
high relative growth rate (RGR) values in vegetative organs might serve as a selection
criterion for obtaining phenotypes that would produce more branches where flowers
are generated, while selecting phenotypes with higher GR in reproductive organs
would lead to select marigold plants able to allocate more biomass to individual
flowers (bigger flowers).

Themarigold phenotypicdifferencesin photosynthetic potential are mainly determined
by high values of max rates of carboxylation (V_ ), ribulose regeneration (J, ), and
triose phosphate usage (TPU, ) S2 stood out as the most efficiente phenotype in
several photosynthesis parameters, contrasting with S1, which was the least efficient
in this process. The apparent contradiction of phenotype S1 possessing the highest
total biomass accumulation and flower yield while having the worst photosynthetic
parameters could be explained by a larger total leaf area, a high branching rate, and
a convenient branch/leaf architecture. Therefore, physiological parameters are useful
traits for selecting efficient pot marigold varieties. Phenotypes S1 and S2 are the best
candidates for breeding programs as they combine several important physiological
traits, such as net photosynthetic rate, growth rate, and flower and oil yields.
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