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Abstract: Milk thistle is an important medicinal crop. In this two-year field study, the optimal form
[bulk (non-structured), nanoparticles (NPs)] and concentration (0, 50, 100 mg L−1) of chitosan and
titanium dioxide (TiO2) applications for improving seed yield, as well as seed mineral (N, Mg, Fe,
Ti), protein, and oil contents were investigated in five ecotypes. Leaf gas exchange, ratio of variable
to maximum fluorescence (Fv/Fm), and hydration were also evaluated in situ. Chitosan and TiO2

improved all traits under study, with the former generally being more effective. When applied in
the NP form, the positive effect was stronger. For chitosan NPs, a low concentration was optimal.
Increased hydration status was associated with enhanced stomatal conductance, which, together
with Fv/Fm, were positively related to photosynthetic rate. The seed yield per plant was positively
related to main capitulum traits (i.e., diameter, number, and weight of seeds), as well as to seed
weight and number of capitula per plant. In conclusion, the improvement of seed yield and quality
by application of chitosan and TiO2 in either form was underlain by the same components, though
their relative importance depends on the ecotype. Chitosan NPs were most effective, demonstrating
an economical, eco-friendly, and sustainable means to stimulate milk thistle yield.

Keywords: capitulum characteristics; chlorophyll fluorescence; seed mineral content; seed oil content;
seed protein content; stomatal conductance

1. Introduction

Milk thistle (Silybum marianum L. Gaertn.) is an important medicinal crop, widely
cultivated in Europe, Egypt, China, and Argentina, while it is currently being evaluated as
a commercial crop in other parts of the world including Canada [1,2]. Milk thistle leaves,
flowers, and young stems are consumed fresh, while seeds are conventionally employed
as an herbal medicine in large parts of the globe [3]. The main pharmaceutical value
of milk thistle comes from a mixture of flavonolignans (silybin, isosilybin, silychristin,
silydianin) and minor fractions of other flavonoids (e.g., toxifolin) (collectively composing
the so-called silymarin [4,5]). Silymarin is traceable throughout the plant, with the highest
content in seeds [3]. Seeds are also rich in edible oil [6]. This oil is classified as high
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quality owing to an abundance of unsaturated fatty acids such as linoleic (polyunsatu-
rated omega-6) and oleic (mono-unsaturated omega-9). Both fatty acids have been repeat-
edly associated with health and aesthetic benefits [7,8]. Furthermore, this oil is a natural
source of vitamin E, which represents a complex mixture of four tocopherols (α-tocopherol,
β-tocopherol, γ-tocopherol, and δ-tocopherol) and four tocotrienols [7,9]. As a by-product
of oil pressing, milk thistle oilseed cake flour has a high content of useful components
(i.e., carbohydrates, oleochemicals, phytochemicals with antioxidant activity, proteins, ash,
fiber, vitamins, and minerals), which are widely employed in food, cosmetic, and pharma-
ceutical industries [10]. Apart from the medicinal use, milk thistle is commonly employed
for other purposes, including biomass production, as a forecrop in arable crop rotation
and soil phytoremediation [1,4,5,11]. From this perspective, there is a great demand for
stimulating milk thistle plant growth and productivity.

Chitosan is a natural, non-toxic, and low-cost biopolymer [12]. Although its mode
of action still has not been fully elucidated, exogenous chitosan application has been
shown to improve plant growth and the productivity of several crops (reviewed in Malerba
and Cerana [13]). For instance, the foliar application of chitosan improved a range of
growth attributes (e.g., plant dry mass, seed yield, oil yield) in origanum, maize, barley, and
sunflower [14–17]. The phenological stage, wherein the chitosan application was performed,
ranged between the seedling stage (thus close to planting) and prior to flowering (thus
close to harvest) [18–20]. Although much less explored, titanium application in various
forms, such as titanium dioxide (TiO2), has also been associated with beneficial effects
on several plant traits, including yield (reviewed in Lyu et al. [21]). For example, TiO2
promoted plant performance in coriander, soybean, and safflower [22–24]. The stage of the
plants receiving TiO2 application varied widely depending on the study [22–24]. To the best
of our knowledge, the effects of either chitosan or TiO2 application on milk thistle plant
growth and productivity have not been addressed. Therefore, the appropriate growth stage
for application, as well as the optimal concentration remain unknown. To fully explore the
potential of their application as a means to improve milk thistle growth and productivity, it
is also essential to include several representative ecotypes. In this way, the importance of
genetic characteristics in shaping the effect of exogenous application will be explored.

A rising body of evidence suggests that the positive effects of either chitosan or TiO2
are generally amplified when these are used in the form of nanoparticles (NPs; [13,21]).
Plants uptake NPs far more effectively, and in this way, a lower dose is required compared
to their natural counterparts [25]. On this basis, NPs appear to be a more potent and less
costly alternative and can be expected to promote sustainable large-scale cultivation.

In this two-year field study, the optimal form [bulk (non-structured), NPs] and con-
centration (50, 100 mg L−1) of chitosan and TiO2 application for improving seed yield
and quality were investigated. To explore genetic variation in the range these effects are
expressed, five milk thistle ecotypes were evaluated. The results provide a cost-effective
tool to increase yield, which may be potentially enhanced by selecting an appropriate
ecotype.

2. Materials and Methods
2.1. Plant Material and Growth Conditions

The experiment was carried out at the research field of the Faculty of Agriculture,
Lorestan University (Khorramabad, Iran; latitude 33◦29′ N, longitude 48◦22′ E). The field
was located on a hilltop (slope < 2%) at an altitude of 1125 m. Soil texture was mostly
made up of clay (thus having a fine texture) with an organic carbon content of 0.4% and
an electrical conductivity of 2.4 dS m−1 (Table 1). Available N, P, and K contents were
0.06%, 11.8, and 275 ppm, respectively (Table 1). Soil properties were rather uniform across
the two experimental years (Table 1). Prior to sowing, N, P2O5, and K2O fertilizers were
embedded at 4, 12, and 12 g m−2, respectively.
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Table 1. Experimental field soil properties across the two experimental years (2019/2020 and
2020/2021).

Parameter
Year

2019/2020 2020/2021

Sand (%) 22.5 22.1
Slit (%) 32.2 32.5

Clay (%) 45.3 45.4
Electrical conductivity (dS m−1) 2.4 2.3

Organic carbon (%) 0.4 0.43
N (%) 0.06 0.058

P (ppm) 11.8 12.04
K (ppm) 275 268

Five milk thistle ecotypes (‘Ahvaz’, ‘Budakalazi’, ‘Khomin’, ‘Khoram Abad’, and ‘Sari’)
were evaluated for two successive seasons (2019/2020 and 2020/2021), which are referred
to as experimental years 1 and 2, respectively. Seeds were obtained from a commercial
seed company (Pakan Bazr, Esfahan, Iran) and were manually sown on November 14 of
each year (2019 and 2020). The sowing depth was ∼1 cm, and seeds were covered with
soil immediately after sowing. The spacing between rows and plants was 0.8 and 0.4 m,
respectively. In this way, a density of 3.12 plants m−2 was achieved. The experiment
consisted of 45 treatments (5 ecotypes × 9 spray treatments) with three replications. The
experimental units were distributed according to a randomized complete block design.

Foliar application of nine concentrations of chitosan and TiO2 included: control
(sprayed with distilled water), 50 mg L−1 bulk chitosan, 100 mg L−1 bulk chitosan,
50 mg L−1 nano chitosan, 100 mg L−1 nano chitosan, 50 mg L−1 bulk TiO2, 100 mg L−1 bulk
TiO2, 50 mg L−1 nano TiO2, and 100 mg L−1 nano TiO2. Foliar sprays were applied at the
rosette stage (7–8 leaves) and the inflorescence emergence stage. In the former stage, each
plant received 100 mL, while in the latter, this was 300 mL. The suitable concentration range
and spray volume were selected based on both a comprehensive literature survey [26–31]
and a pilot experimental study.

During cultivation, plants were watered once a week. When necessary, weeds were
manually removed. Pesticide application was not required. The final harvest was carried
out in the morning after dew (17–20 ◦C during harvest; [32,33]) on June 17 of each year
(2020 and 2021). Temperature, relative air humidity, and precipitation data during the two
experimental years are provided in Table S1.

Plant and leaf level measurements were conducted [34]. For leaf-level measurements,
sampled leaves had grown under direct light and were fully expanded. Replicate leaves
were collected from separate plants. Non-invasive evaluations were performed 1–9 d earlier
than the destructive harvest. In all cases, the time between sampling and the start of the
evaluation did not exceed 15 min.

2.2. Preparation of Spray Solutions (Chitosan) and Suspensions (TiO2)

Chitosan (de-acetylation degree of 85%) was obtained from Sigma Chemical Company
(Saint Louis, MO, USA). Chitosan was dissolved in 1.0% (w/v) acetic acid and remained
under stirring for 1 h. The pH was then adjusted to 6.0 with 2 M NaOH.

Chitosan nanoparticles were prepared through the ionotropic gelation of chitosan
with tripolyphosphate (TPP) according to Anitha et al. [35], with some modifications, as
described below. Chitosan was dissolved, as earlier indicated. The resulting suspension
was subsequently filtered. The chitosan nanoparticles were spontaneously synthesized by
slowly adding 1 mL of filtered 1% TPP [pH of 4, by using 20% (v/v) acetic acid] to 10 mL
of chitosan solution under constant stirring at room temperature (25 ◦C) for 30 min. The
obtained gel was centrifuged (8000 g for 10 min). Then, the supernatant was discarded,
and the resulting sediment containing nanoparticles was washed five times with double
deionized water. The collected precipitate of chitosan nanoparticles sorbent was dried at
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60 ◦C. Chitosan nanoparticles were characterized in the University of Kurdistan (Sanandaj,
Iran) using a field-emission scanning electron microscope (FESEM). A representative image
is provided in Figure 1, wherein the majority of the depicted nanoparticles had a size
smaller than 20 nm.

Agronomy 2021, 11, x FOR PEER REVIEW 4 of 25 
 

 

deionized water. The collected precipitate of chitosan nanoparticles sorbent was dried at 
60 °C. Chitosan nanoparticles were characterized in the University of Kurdistan (Sanan-
daj, Iran) using a field-emission scanning electron microscope (FESEM). A representative 
image is provided in Figure 1, wherein the majority of the depicted nanoparticles had a 
size smaller than 20 nm. 

 
Figure 1. Representative field-emission scanning electron microscope image of chitosan nanoparti-
cles. 

TiO2 nanoparticles in the anatase form (˃99% purity) were obtained from a commer-
cial supplier (Iranian Nanomaterial Pioneers Company, Mashhad, Iran). The average di-
ameter of TiO2 nanoparticles was 20 nm, while their density was 0.24 g cm−3. The structural 
properties of TiO2 nanoparticles were investigated by using high-resolution transmission 
electron microscopy (HRTEM). A representative image is provided in Figure 2. The crystal 
properties of TiO2 nanoparticles were examined by X-ray diffraction (XRD), validating 
that all nanoparticles were in the anatase form (Figure. 2). 

A 

 
 

B 

 

Figure 2. Representative high-resolution transmission electron microscopy image (A) and X-ray dif-
fraction pattern of TiO2 nanoparticles (B). 

Figure 1. Representative field-emission scanning electron microscope image of chitosan nanoparticles.

TiO2 nanoparticles in the anatase form (>99% purity) were obtained from a commercial
supplier (Iranian Nanomaterial Pioneers Company, Mashhad, Iran). The average diameter
of TiO2 nanoparticles was 20 nm, while their density was 0.24 g cm−3. The structural
properties of TiO2 nanoparticles were investigated by using high-resolution transmission
electron microscopy (HRTEM). A representative image is provided in Figure 2. The crystal
properties of TiO2 nanoparticles were examined by X-ray diffraction (XRD), validating that
all nanoparticles were in the anatase form (Figure 2).

Agronomy 2021, 11, x FOR PEER REVIEW 4 of 25 
 

 

deionized water. The collected precipitate of chitosan nanoparticles sorbent was dried at 
60 °C. Chitosan nanoparticles were characterized in the University of Kurdistan (Sanan-
daj, Iran) using a field-emission scanning electron microscope (FESEM). A representative 
image is provided in Figure 1, wherein the majority of the depicted nanoparticles had a 
size smaller than 20 nm. 

 
Figure 1. Representative field-emission scanning electron microscope image of chitosan nanoparti-
cles. 

TiO2 nanoparticles in the anatase form (˃99% purity) were obtained from a commer-
cial supplier (Iranian Nanomaterial Pioneers Company, Mashhad, Iran). The average di-
ameter of TiO2 nanoparticles was 20 nm, while their density was 0.24 g cm−3. The structural 
properties of TiO2 nanoparticles were investigated by using high-resolution transmission 
electron microscopy (HRTEM). A representative image is provided in Figure 2. The crystal 
properties of TiO2 nanoparticles were examined by X-ray diffraction (XRD), validating 
that all nanoparticles were in the anatase form (Figure. 2). 

A 

 
 

B 

 

Figure 2. Representative high-resolution transmission electron microscopy image (A) and X-ray dif-
fraction pattern of TiO2 nanoparticles (B). 

Figure 2. Representative high-resolution transmission electron microscopy image (A) and X-ray
diffraction pattern of TiO2 nanoparticles (B).

Spray solutions (chitosan) and suspensions (TiO2) were prepared by using double-
distilled water. The ones containing nanoparticles were homogenized by exposure to
ultrasonic waves (Hielscher UP400s, Teltow, Germany) for 10 min [36].
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To ensure that the materials under investigation are nano-sized, their properties were
not only examined after synthesis (Figures 1 and 2) but also following application. For bulk
(non-structured) samples, microscopy was not employed, since certified products were
used with known particle sizes [29,37].

2.3. Stem Length, Capitulum, and Seed Characteristics

Stem length (from the root-to-shoot junction to the apical meristem) was determined.
The number of capitula per plant, the total number of seeds per plant (including all capitula),
the diameter of the main capitulum (also referred to as terminal head or capitulum),
and the number of seeds in the main capitulum were measured. The dry weight of the
seeds in the main capitulum and of 1000 seeds were also assessed (±0.01 g; MXX-412;
Denver Instruments, Bohemia, NY, USA). Seeds had been harvested at maturity, cleaned
for impurities, and dried under shade until constant weight. At that state, seed residual
moisture content, assessed by oven drying (48 h at 80 ◦C), was 7 ± 0.01%, which is
considered optimal for either storage or the extraction of bioactive compounds.

2.4. Leaf Photosynthetic Pigment Content

Samples were processed immediately after collection. Following fine chopping, por-
tions weighing 0.1 g were homogenized with the addition of 10 mL of 100% acetone.
The extract was then centrifuged (14,000× g for 20 min), and the supernatant was col-
lected. Since chlorophyll is light-sensitive, the extraction took place in a dark room [38,39].
The obtained extract was subjected to being read on a spectrophotometer (Mapada UV-
1800; Shanghai Mapada Instruments Co., Ltd., Shanghai, China). Total chlorophyll and
carotenoid contents were calculated according to Lichtenthaler and Wellburn [40].

2.5. Leaf Water Status

Leaf water status was in situ assessed by measuring relative water content (RWC,
also referred as relative turgidity). Samples were collected 3 h following the onset of the
photoperiod [41]. Following excision, fresh weight was gravimetrically obtained (±0.0001 g;
Mettler AE 200, Giessen, Germany). Immediately after, samples were floated on distilled
water inside a Petri dish and covered with a lid. Following 24 h of incubation, the recorded
weight was regarded as turgid (saturated). Then, dry weight (48 h at 80 ◦C) was determined.
RWC was calculated according to Taheri-Garavand et al. [42].

2.6. Ratio of Variable to Maximum Chlorophyll Fluorescence

As a valid indicator of leaf photosynthetic performance [43–45], the ratio of variable
to maximum chlorophyll fluorescence (Fv/Fm) was assessed. Measurements were per-
formed by using an analyzer fluorimeter (Pocket PEA, Hansatech Instruments, King’s
Lynn, Norfolk, UK). Prior to evaluation, leaves were dark adapted (≥20 min) by employ-
ing leaf clips. Fv/Fm was assessed by applying a photosynthetic photon flux density of
125 µmol m−2 s−1. Measurements were in situ conducted (8.00–10.00 a.m.) in the attached
leaves of intact plants.

2.7. Leaf Gas-Exchange Traits

In situ net photosynthetic rate (Pn), transpiration rate (Tr), and stomatal conductance
(gs) evaluations were performed on attached leaves. Measurements were taken using
a portable photosynthesis system (CI-340; CID, Inc., Camas, WA, USA). Leaf chamber
(6.25 cm2) conditions were 34 ± 1 ◦C air temperature, 50 ± 2% relative air humidity, and
an incoming air CO2 concentration of 376 ± 2 µmol mol−1. Light intensity was set at
200 µmol m−2 s−1. Evaluations took place 2 h following the onset of the light period to
assure steady state gs [42].
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2.8. Seed Oil Content

The seed oil was extracted according to the method of Estaji et al. [46]. Dried seeds
(20 g) were powdered and placed into a Soxhlet extractor, where n-hexane solvent (150 mL)
was included. Temperature was maintained at 70 ◦C for 6 h. Then, the solvent was
separated from the oil, using a rotary-evaporator (Buchi R-124, Switzerland) at 35 ◦C
(150 g). The weight of the extracted oil was then determined (±0.01 g; MXX-412; Denver
Instruments, Bohemia, NY, USA).

2.9. Seed Mineral Content

Seeds were washed with distilled water and then dried (80 ◦C for 6 h). Afterward, they
were grounded into fine powder and assessed using a 30-mesh screen [47]. A homogenized
portion of 0.5 g was dry-ashed in a muffle furnace (500 ◦C for 6 h). Then, the ash was
dissolved in 5 mL of 2 N HCl. The samples were then digested at 75 ◦C for 45 min. The
digested samples were allowed to cool at room temperature (25 ◦C) and then filtered by
Whatman No 1 filter paper and diluted with double-distilled water up to 50 mL [48,49].
These extracts were used for the determination of minerals (Mg, Fe, and Ti) by using a
240FS Agilent Technologies atomic absorption spectrometer (Agilent, Santa Clara, CA,
USA). N was determined by the Kjeldahl method. Based on N content, seed protein content
was calculated according to Bishni and Hughes [50]. For each replicate, the assay was
performed twice.

2.10. Statistical Analysis

Data analysis was performed using SPSS software (version 23; SPSS Inc., Chicago, IL,
USA). A three-way ANOVA was employed (ecotype × treatment × year). Data were firstly
tested for normality (Shapiro–Wilk test) and homogeneity of variances (Levene’s test). The
means were determined, using Fisher’s least significant difference test, to be significant at
p ≤ 0.05.

3. Results
3.1. Validation of the Presence of NPs on the Leaf Surface

The retention of chitosan and TiO2 NPs on the leaf surface was validated by field-
emission scanning electron microscopy. A dense film of NPs was apparent in treated plants,
which was absent in controls (Figure 3). The estimated size of singlet NPs was around
10 nm (Figure 3). In some instances, larger dimensions were noted as compared to those of
singlet NPs, indicating that NPs may coagulate in clusters and form larger particles.
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3.2. Stem Length and Leaf Photosynthetic Pigment Content

Stem length and photosynthetic pigment (chlorophyll, carotenoid) content were sig-
nificantly affected by the treatments (Table 2). Stem length (140.66–158.33 cm), as well
as chlorophyll (6.42–8.78 mg g−1), and carotenoid (1.16–1.77 mg g−1) contents of control
plants, varied among the five ecotypes under study (Table 3). The application of either
chitosan or TiO2 was associated with increased stem length (range 0.54–13.47%, average
4.09%), as well as chlorophyll (range 6.72–113.40%, average 52.22%) and carotenoid (range
5.81–169.83%, average 50.17%) contents, compared to control plants (Table 3). This effect
was more prominent when these compounds were applied in NP form compared to the
bulk one (a 70.87 versus a 33.56% increase for chlorophyll; Table 3). Chitosan was generally
more efficient at increasing stem length and photosynthetic pigment content compared to
TiO2 (a 62.71 versus a 41.73% increase for chlorophyll; Table 3).

Table 2. Analysis of variance on the effects of chitosan and titanium dioxide treatments (bulk,
nanoparticles) on stem length and leaf photosynthetic pigment content of five milk thistle ecotypes.

Mean Square

S.O.V df Stem Length Chlorophyll Content Carotenoid Content

Year (Y) 1 12.03 ns 1.16 ns 0.014 ns

Replication (Year)
(Ea) 4 1.67 0.43 0.03

Cultivar (Cul) 4 3357.06 ** 24.13 ** 3.34 **
Compound (Com) 8 547.87 ** 134.93 ** 6.09 **

Cul × Y 4 0.20 ns 0.09 ns 0.006 **
Com × Y 8 1.17 ns 0.53 ns 0.02 ns

Cul × Com 32 27.16 ** 1.20 ** 0.22 **
Cul × Com × Y 32 1.08 ns 0.16 ns 0.01 ns

Error (Eb) 176 2.46 0.29 0.02
CV (%) 1.01 4.94 6.65

ns, not significant; **, significant at 0.01 probability level.

Table 3. Effects of chitosan and titanium dioxide (denoted as Ch and Ti, respectively) treatments
[bulk, nanoparticle (NP)] applied at three concentrations (0, 50, and 100 mg L−1) on stem length and
leaf photosynthetic pigment content of five milk thistle ecotypes. Three plants per treatment were
assessed. Different letters within a column indicate statistically significant differences (p < 0.05). FW,
fresh weight.

Ecotype Compound/Concentration
(mg L−1) Stem Length (cm) Chlorophyll Content

(mg g−1 FW)
Carotenoid Content

(mg g−1 FW)

‘Sari’

Control 140.66 b’ 7.69 v 1.56 t
Ti 50 143 a’ 8.91 r-t 1.84 o-q

Ti 100 145.83 xy 10.62 mn 1.89 n-q
Ti NP 50 146.33 w–y 11.67 i–k 2.31 gh

Ti NP 100 147.83 vw 12.05 h–j 2.40 g
Ch 50 145.5 yz 10.72 mn 2 l–o
Ch 100 146.83 v–y 11.21 k–m 2.10 j–l

Ch NP 50 151.83 p–s 14.89 b 3.12 c
Ch NP 100 150.66 r–t 12.84 fg 2.67 ef

‘Khomin’

Control 147.5 v–x 7.37 v 1.16 u
Ti 50 149.83 tu 9.33 p–s 1.58 t

Ti 100 150.33 st 9.89 op 1.82 p–r
Ti NP 50 152.16 o–r 11.83 ij 2.16 h–l

Ti NP 100 153.33 n–q 12.76 fg 2.17 h–k
Ch 50 150.33 st 10.43 no 1.77 p–s
Ch 100 153 n–q 11.47 j–l 2.10 j–l

Ch NP 50 156.83 jk 14.25 c 3.13 c
Ch NP 100 154.66 l–n 13.08 ef 2.57 f
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Table 3. Cont.

Ecotype Compound/Concentration
(mg L−1) Stem Length (cm) Chlorophyll Content

(mg g−1 FW)
Carotenoid Content

(mg g−1 FW)

‘Khorramabad’

Control 158.33 ij 7.51 v 1.31 u
Ti 50 160.5 gh 8.37 tu 1.64 st

Ti 100 161.66 fg 954 qr 1.67 r–t
Ti NP 50 163.83 de 10.63 mn 2.06 k–m

Ti NP 100 168.66 c 11.44 j–l 2.16 h–l
Ch 50 163 ef 9.03 q–s 1.87 n–q
Ch 100 163.83 de 9.93 pq 2.07 j–m

Ch NP 50 179.66 a 13.16 d–f 2.28 g–i
Ch NP 100 177.66 b 11.92 ij 2.18 h–l

‘Ahvaz’

Control 144 za’ 6.42 w 1.55 t
Ti 50 145.16 yz 7.86 uv 1.64 st

Ti 100 145.66 yz 9.49 p–r 1.68 r–t
Ti NP 50 150.83 r–t 11 l–n 2.07 j–m

Ti NP 100 151.66 q–s 12.01 h–j 2.15 i–l
Ch 50 146.16 w–y 9.74 q 1.74 q–s
Ch 100 148.16 uv 11.04 l–n 2 l–n

Ch NP 50 155.5 k–m 13.70 cd 2.40 g
Ch NP 100 152.66 o-q 12.98 ef 2.18 h–k

‘Budakalazi’

Control 153.16 n–q 8.78 st 1.77 q–s
Ti 50 153.5 n–p 9.37 p–s 1.93 m-p

Ti 100 154.5 mn 11.14 k–m 2.01 l–n
Ti NP 50 156.66 jk 12.26 g–i 2.76 de

Ti NP 100 159.83 hi 12.60 f–h 2.84 d
Ch 50 153.66 no 10.94 l–n 2.17 h–l
Ch 100 156.33 kl 11.51 j–l 2.23 h–j

Ch NP 50 165.00 d 16.72 a 3.61 a
Ch NP 100 161.33 f–h 13.56 de 3.36 b

For chitosan NPs, the lowest concentration (50 mg L−1) was generally optimal for
stem length and photosynthetic pigment content, while, in the bulk form, the respective
concentration was 100 mg L−1 (Table 3). For TiO2 NPs, the concentration of 100 mg L−1

mostly stimulated stem length and photosynthetic pigment content, while in the bulk form,
the same concentration (100 mg L−1) was optimal (Table 3).

Among ecotypes, the effect of either chitosan or TiO2 application was the lowest in the
ecotype ‘Budakalazi’ (2.56, 39.66, and 47.67% increase in stem length, chlorophyll content,
and carotenoid content, respectively) and the highest in ecotype ‘Khomin’ (3.34, 57.8, and
86.53%, respectively, increase; Table 3).

The promotive effect of spray treatments on stem length and photosynthetic pigment
content was generally more prominent in experimental year 2 compared to year 1 [4.37
versus 3.84% increase (stem length); 54.38 versus 47.51% increase (total chlorophyll); 48.27
vs. 51.48% (carotenoids)].

By pooling the data of all ecotypes and treatments across the two experimental years,
it becomes apparent that leaf chlorophyll and carotenoid contents were highly associated
(R2 = 0.8068; Figure 4).

3.3. Traits Underlying Seed Yield

All seed yield traits under study were significantly affected by the treatments (Table 4).
Number of seeds in the main capitulum (134.33–205.66), seed weight in the main capitulum
(2.10–5.33 g), 1000 seed weight (15.5–19.48 g), number of capitula per plant (15.44–19.41),
main capitulum diameter (3.21–4.63), and seed yield (29.80–47.70 g plant−1) ranged between
the five ecotypes (Table 5). Chitosan or TiO2 application improved the number of seeds
in the main capitulum (range 1.02–86.97%, average 30.23%), seed weight in the main
capitulum (range 3.19–137.62%, average 55.83%), 1000-seed weight (range 0.67–33.29%,
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average 14.63%), number of capitula per plant (range 5.88–130.57%, average 44.26%), main
capitulum diameter (range 1.56–38.63%, average 21.05%), and seed yield per plant (range
12.14–110.20%, average 52.15%), compared to controls (Table 5). This increase was more
prominent when chitosan and TiO2 were in NP form as compared to the bulk one (a 50.10
versus a 22.3% increase; Table 5). Chitosan generally induced a higher increase in seed
yield traits compared to TiO2 (43.27 versus 29.44% increase; Table 5). For chitosan NPs, the
lowest concentration (50 mg L−1) was superior across seed yield traits (number of seeds in
the main capitulum, weight of seeds in the main capitulum, the weight of 1000 seeds, the
capitulum number and main capitulum diameter, and the seed yield per plant), while for
TiO2, the 100 mg L−1 level was optimal (Table 5).
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Figure 4. Leaf chlorophyll content as a function of leaf carotenoid content in five milk thistle ecotypes
(‘Ahvaz’, ‘Budakalazi’, ‘Khomin’, ‘Khoram Abad’, and ‘Sari’), cultivated under the application of
chitosan or TiO2 treatments (bulk, NPs) at three concentrations (0, 50, and 100 mg L−1). Data of all
ecotypes and treatments were pooled across years (Year 1, open symbols; Year 2, closed symbols).
FW, fresh weight.

Table 4. Analysis of variance on the effects of chitosan and titanium dioxide treatments (bulk,
nanoparticles) on seed yield-related parameters of five milk thistle ecotypes.

Mean Square

S.O.V df
Number

Seed (Main
Capitulum)

Weight Seed
(Main

Capitulum)

1000 Seed
Weight

Capitulum
Number

Main
Capitulum
Diameter

Seed Yield
per Plant

Year (Y) 1 113.42 ns 0.35 * 0.038 ns 1.20 ns 0.07 ns 37.72 ns

Replication (Year) (Ea) 4 61.25 0.04 0.16 9.36 0.05 6.82
Cultivar (Cul) 4 47847.83 ** 55.75 ** 176.5 ** 889.16 ** 25.54 ** 4807.31**

Compound (Com) 8 31727.12 ** 26.37 ** 45.25 ** 602.26 ** 4.55 ** 3248.63 **
Cul × Y 4 74.32 ns 0.10 * 0.03 ns 0.55 ns 0.01 ns 4.46 ns

Com × Y 8 33.6 ns 0.007 ns 0.175 ** 0.95 ns 0.02 ns 1.80 ns

Cul × Com 32 838.40 ** 0.45 * 1.15 ** 25.78 ** 0.11 ** 74.5 **
Cul × Com × Y 32 26.41 ns 0.006 ns 0.03 ns 0.9 ns 0.02 ns 1.33 ns

Error (Eb) 176 63.94 0.03 0.10 1.84 0.03 12.2
CV (%) 3.97 3.74 1.67 5.79 4.12 2.7

ns, not significant; *, significant at the 0.05 probability level; **, significant at the 0.01 probability level.

Considering all seeds traits together, the effect of either chitosan or TiO2 application
was the lowest in ecotype ‘Khomin’ and the highest in ecotypes ‘Sari’ and ‘Ahvaz’ (Table 5).
The promotive effect of spray treatments was found to be rather consistent across years,
even though it was slightly elevated in experimental year 2 compared to year 1 (34.61
versus 33.38% increase).
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Table 5. Effects of chitosan and titanium dioxide (denoted as Ch and Ti, respectively) treatments
[bulk, nanoparticle (NP)] applied at three concentrations (0, 50, and 100 mg L−1) on seed yield-related
parameters of five milk thistle ecotypes. Three plants per treatment were assessed. Different letters
within a column indicate statistically significant differences (p < 0.05).

Ecotype Compound/Concentration
(mg L−1)

Number Seed
(Main

Capitulum)

Weight Seed
(Main

Capitulum; g)

1000 Seed
Weight (g)

Capitulum
Number

Main
Capitulum

Diameter (cm)

Seed Yield
per Plant (g)

‘Sari’

Control 167.5 st 4.13 v 18.28 rs 14.5 u 4.19 n 39.52 t
Ti 50 177.16 p–r 4.69 p-s 18.83 m-o 18.16 p–s 4.61 m 51.92 lm
Ti 100 195.5 mn 5.34 mn 19.09 l–n 19.33 n–p 4.97 jk 54.89 k

Ti NP 50 231.67 g–i 5.69 kl 20.12 hi 24.33 hi 5.63 e–g 60.71 hi
Ti NP 100 239 fg 5.94 ij 20.78 f 25.33 gh 5.42 d–g 63.78 e–g

Ch 50 216 jk 5.47 lm 19.5 k 20.16 mn 5.28 f–i 54 k
Ch 100 226.33 i 5.82 jk 19.89 ij 24.66 g–i 5.31 f–h 56.93 j

Ch NP 50 270 b 7.6 ab 21.29 e 32.66 c 5.70 a–c 76.69 c
Ch NP 100 253.33 de 4.94 e 20.91 f 28 de 5.37 e–g 75.41 c

‘Khomin’

Control 143 uv 4.16 uv 17.51 u 17 r–t 4.18 n 36.94 u
Ti 50 150.83 u 4.55 r–t 17.83 tu 18.5 o–r 4.49 m 42.93 r
Ti 100 162.5 t 4.61 q–s 18.42 qr 18.83 n–q 4.90 jk 50.90 mn

Ti NP 50 200.16 lm 5.22 n 19.18 k–m 22.66 j–k 5.29 f–i 54.51 k
Ti NP 100 228.8 hi 5.36 mn 19.3 kl 23.16 j–k 5.31 f–h 54.96 k

Ch 50 182.83 o–q 4.72 pr 18.67 o–q 18 p–s 4.9 jk 51.10 mn
Ch 100 185.16 op 4.91 op 19.85 m–o 21.33 lm 5.09 h–j 53.53 kl

Ch NP 50 255.56 cd 6.97 de 20.89 f 25.16 gh 5.59 b–d 65.28 de
Ch NP 100 253.5 de 6.54 f 19.41 kl 23.83 h–j 5.49 c–f 62.13 gh

‘Khorramabad’

Control 147.5 u 2.10 z 16.39 v 22.16 kl 3.21 t 30.81 w
Ti 50 149 u 2.96 y 16.5 v 28.83 h–j 3.30 st 34.55 v
Ti 100 151.83 u 3.38 x 16.57 v 25.33 gh 3.46 rs 37.67 u

Ti NP 50 168.5 r–t 4.47 st 18.17 r–t 28.5 de 3.57 p–r 46.66 q
Ti NP 100 177.33 p–r 4.74 p–r 18.44 p–r 35.16 b 3.79 op 48.73 op

Ch 50 151.5 u 3.5 x 17.80 tu 28 gf 3.47 rs 40.41 st
Ch 100 166.5 st 3.81 w 17.88 tu 27.16 ef 3.26 qr 46.74 q

Ch NP 50 208 kl 4.99 o 19.55 jk 37.66 a 4.45 m 54.43 k
Ch NP 100 187 no 4.81 oq 18.79 n–p 35.83 b 3.95 o 49.82 no

‘Ahvaz’

Control 134.33 v 2.58 y 15.44 v 15.66 tu 3.78 o–q 29.80 w
Ti 50 136.66 v 3.76 w 17.80 tu 16.66 st 4.46 m 40.57 st
Ti 100 150.33 u 4.2 uv 18.02 tu 17.66 q–s 4.52 m 40.89 st

Ti NP 50 195 mn 5.31 mn 19.34 kl 18.33 p–r 4.63 lm 49.07 op
Ti NP 100 201.67 lm 5.61 kl 20.20 hi 20 m–o 4.66 lm 54.37 k

Ch 50 151.5 u 4.37 tu 19.18 k–m 17.16 r–t 4.57 m 41.61 rs
Ch 100 175 q–s 4.68 q–s 19.21 kl 18.16 p–s 4.61 m 46.97 q

Ch NP 50 245.16 ef 5.91 ij 20.58 fg 22.5 j–l 5.06 ij 62.64 g
Ch NP 100 241.83 f 5.77 jk 20.29 gh 21.33 mL 4.84 kl 59.89 i

‘Budakalazi’

Control 205.66 l 5.33 mn 19.41 kl 15.83 tu 4.63 lm 47.70 pq
Ti 50 215.83 jk 5.5 lm 21.37 e 19.5 n–p 5.099 ij 53.98 k
Ti 100 224.83 ij 6.06 hi 21.66 e 22.33 j–l 5.22 g–i 54.79 k

Ti NP 50 255.83 d 7.12 de 23.24 c 28.16 de 5.55 b–e 65.53 d
Ti NP 100 261 b–d 7.17 cd 23.43 c 28.83 d 5.61 b–d 79.83 b

Ch 50 226.83 i 6.28 gh 22.59 d 22.5 j–l 5.36 e–g 63.14 fg
Ch 100 237.16 f–h 6.49 gf 22.70 d 24.5 g–i 5.42 d–g 64.68 d–f

Ch NP 50 283.32 a 7.62 a 24.65 a 36.5 ab 5.84 a 91.55 a
Ch NP 100 265 bc 7.39 bc 23.96 b 31.66 c 5.76 ab 80.99 b

The seed yield per plant was positively related to three main capitulum traits (diameter,
number, and weight of seeds), as well as to 1000-seed weight and number of capitula per
plant (Figure 5). The relation of seed yield per plant with either main capitulum diameter
or number of capitula per plant was ecotype-specific (Figure 5A,B).
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Figure 5. Main capitulum diameter (A), number of capitula per plant (B), 1000–seed weight (C), seed
weight of the main capitulum (D), and number of seeds in the main capitulum (E) as a function of
seed yield per plant in five milk thistle ecotypes (‘Ahvaz’, ‘Budakalazi’, ‘Khomin’, ‘Khoram Abad’,
and ‘Sari’), cultivated under application of chitosan or TiO2 treatments (bulk, nanoparticles) at three
concentrations (0, 50, and 100 mg L−1). Data of all ecotypes and treatments were pooled across
years (Year 1, open symbols; Year 2, closed symbols). In panels A and B, the dashed lines represent
ecotype ‘Khoram Abad’ (denoted by squares), which was analyzed separately from the remaining
four ecotypes.
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As may be expected, the main capitulum diameter was positively related to the number
and weight of seeds in the main capitulum (Figure 6B,C). Notably, the number of capitula
per plant was also positively related to the main capitulum diameter (Figure 6A), indicating
that there was no tradeoff between these two traits. The relationship of the main capitulum
diameter with the three above–mentioned traits was strongly ecotype–specific (Figure 6).
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Figure 6. Number of capitula per plant (A), seed weight of the main capitulum (B), and number
of seeds in the main capitulum (C) as a function of the main capitulum diameter in five milk
thistle ecotypes (‘Ahvaz’, ‘Budakalazi’, ‘Khomin’, ‘Khoram Abad’, and ‘Sari’), cultivated under the
application of chitosan or TiO2 treatments (bulk, nanoparticles) at three concentrations (0, 50, and
100 mg L−1). Data of all ecotypes and treatments were pooled across years (Year 1, open symbols;
Year 2, closed symbols). In all panels, the dashed lines represent the ecotype ‘Khoram Abad’ (denoted
by squares), which was analyzed separately from the remaining four ecotypes.
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3.4. Leaf Gas–Exchange Traits, Chlorophyll Fluorescence, and Hydration Status

Leaf gas–exchange traits (Pn, gs, Tr), Fv/Fm, and hydration status (RWC) were
significantly affected by the treatments (Table 6). Pn (10.85–19.89 µmol m−2 s−1),
gs (0.31–0.68 mmol m−2 s−1), Tr (3.07–5.39 mmol m−2 s−1), Fv/Fm (0.68–0.71), and RWC
(62.63–65.87%) varied widely depending on the ecotype (Table 7). Chitosan or TiO2 appli-
cation led to an increase in Pn (range 4.07–197.48%, average 81.82%), gs (range 9.68–187.1%,
average 38.58%), Tr (range 5.59–158.96%, average 65.39%), Fv/Fm (range 1.41–27.94%, aver-
age 15.16%), and RWC (range 2.25–39.57%, average 12.50%) compared to controls (Table 7).
This improvement was higher when the NP form of either compound was employed
compared to the bulk one (a 64.16 versus a 31.71% increase; Table 7). Chitosan generally
stimulated a higher increase in leaf gas exchange, photosynthetic state, and hydration
status compared to TiO2 (a 57.90 versus a 37.98% increase on average; Table 7). For chitosan
NPs, the lowest concentration (50 mg L−1) was ideal for gas exchange traits (Pn, gs, Tr),
Fv/Fm, and RWC, whereas for TiO2, 100 mg L−1 was found to be most favorable (Table 7).

Table 6. Analysis of variance on the effects of chitosan and titanium dioxide treatments (bulk,
nanoparticles) on the leaf gas exchange, photosynthetic state, and hydration status of five milk thistle
ecotypes. Pn, net photosynthetic rate; gs, stomatal conductance; Tr, transpiration rate; Fv/Fm, ratio of
variable to maximum fluorescence; RWC, relative water content.

Mean Square

S.O.V df Pn gs Tr Fv/Fm RWC

Year (Y) 1 91.83 * 0.19 ** 117.16 ** 0.18 ** 4.82 ns

Replication (Year) (Ea) 4 8.45 0.002 0.21 0.0002 11.92
Cultivar (Cul) 4 290.56 ** 0.03 ** 5.66 ** 0.008 ** 207.12 **

Compound (Com) 8 1395.41 ** 0.45 ** 51.48 ** 0.07 ** 827.06 **
Cul × Y 4 10.11 ** 0.004 ** 2.08 ** 0.0006 * 0.95 ns

Com × Y 8 7.68 ** 0.003 ** 0.23 ns 0.007 ** 0.48 ns

Cul × Com 32 22.51 ** 0.02 ** 1.02 ** 0.0003 * 23.36 **
Cul × Com × Y 32 6.17 ** 0.001 ** 0.40 ** 0.0005 ** 0.39 ns

Error (Eb) 176 2.39 0.0006 0.17 0.0002 6.12
CV (%) 6.05 4.69 6.10 1.80 3.48

ns, not significant; *, significant at the 0.05 probability level; **, significant at the 0.01 probability level.

Considering all traits together (gas exchange, Fv/Fm, RWC), the effect of either chitosan
or TiO2 application was the lowest in the ecotype ‘Budakalazi’ and the highest in the ecotype
‘Khoram Abad’ (Table 7). The second experimental year had a more promoting effect as
compared to the first one (a 53.66 versus a 42.07% increase; Table 7).

A better leaf hydration status (RWC) was associated with enhanced gs (R2 = 0.8392;
Figure 7). Leaf Pn was positively related to both leaf gs (R2 of 0.7935) and Fv/Fm [R2 of
0.7949 (year 1) and R2 of 0.8378 (year 2), respectively; Figure 8].

3.5. Seed Mineral, Protein, and Oil Contents

Seed mineral (N, Mg, Fe, Ti), protein, and oil contents were significantly affected by
the treatments (Table 8). Mineral, as well as protein (7.38–12.78%) and oil (18.84–23.41%),
contents differed between the five ecotypes (Table 9). Applying chitosan or TiO2 led to
an improvement in mineral, protein (range 6.95–58.50%, average 30.92%), and oil (range
0.50–95.26%, average 45.79%) contents compared to controls (Table 9). This improvement
was enhanced, when chitosan and TiO2 were in the form of NPs compared to the bulk
form (a 36.95 versus a 26.83% increase; Table 9). With a single exception (Ti content),
chitosan exerted a more stimulatory effect in mineral (N, Mg, Fe) content compared to TiO2
(Table 9). Chitosan also exerted a more positive effect on protein and oil contents compared
to TiO2 (a 45.38 versus a 32.79% increase; Table 9). In chitosan NPs, the lowest concentration
(50 mg L−1) was better in stimulating mineral, protein, and oil contents, whereas 100 mg L−1

was consistently optimal for TiO2 (Table 9).
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Table 7. Effects of chitosan and titanium dioxide (denoted as Ch and Ti, respectively) treatments
[bulk, nanoparticle (NP)] applied at three concentrations (0, 50, and 100 mg L−1) on leaf gas exchange,
photosynthetic state, and hydration status of five milk thistle ecotypes. Three plants per treatment
were assessed. Different letters within a column indicate statistically significant differences (p < 0.05).
In parameters (Pn, gs, Tr, and Fv/Fm) showing significant interaction effects among all three factors
involved (ecotype × treatment × year); a comparison of year means is provided in Tables S2 and S3.
Pn, net photosynthetic rate; gs, stomatal conductance; Tr, transpiration rate; Fv/Fm, ratio of variable
to maximum fluorescence; RWC, relative water content.

Ecotype Compound/Concentration
(mg L−1)

Pn
(µmol m−2 s−1)

gs
(mmol m−2 s−1)

Tr
(mmol m−2 s−1) Fv/Fm RWC (%)

‘Sari’

Control 15.58 u 0. 31 v 5.39 st 0.70 t 63.63 st
Ti 50 20.74 s 0.34 u 6.07 qr 0.75 op 65.85 rs

Ti 100 22.86 qr 0.43 rs 6.23 p–r 0.77 mn 67.92 n–r
Ti NP 50 27.32 jk 0.51 l–n 7.53 f–i 0.81 g–i 70.80 i–m
Ti NP 100 32.45 ef 0.56 hi 7.82 d–g 0.83 d–f 74.03 e–h

Ch 50 23.40 pq 0.49 n–p 6.73 l–o 0.79 j–l 69.04 k–q
Ch 100 25.06 m–p 0.50 l–n 7.26 i–k 0.80 i–k 69.85 j–o

Ch NP 50 40.93 b 0.89 b 8.96 a 0.86 aba 82.92 b
Ch NP 100 33.84 de 0.77 c 8.26 sd 0.84 cd 80.49 bc

‘Khomin’

Control 15.69 u 0.34 u 3.41 v 0.68 u 65.87 rs
Ti 50 22.82 qr 0.40 st 5.51 s 0.74 pq 67.35 o–r

Ti 100 23.7 p–q 0.49 n 6.15 qr 0.77 m–o 67.86 n–r
Ti NP 50 26.83 kl 0.55 h–j 7.58 f–i 0.81 g–i 70.58 i–n
Ti NP 100 29.36 hi 0.56 g–i 7.79 e–h 0.82 e–g 70.97 i–l

Ch 50 24.22 o–q 0.51 k–n 6.49 n–q 0.78 k–m 68.02 m–r
Ch 100 24.13 o–q 0.52 k–n 7.16 i–l 0.80 h–j 69.43 k–p

Ch NP 50 38.64 c 0.64 e 8.80 ab 0.87 a 81.37 bc
Ch NP 100 29.99 gh 0.60 f 8.23 c–e 0.84 cd 76.38 de

‘Khorramabad’

Control 10.85 v 0.32 uv 3.07 v 0.68 u 62.63 t
Ti 50 16.61 tu 0.40 t 5.83 rs 0.72 qr 66.09 rs

Ti 100 17.74 t 0.46 o–q 6.40 o–q 0.74 pq 66.88 p–r
Ti NP 50 24.38 o–q 0.50 l–n 7.23 i–k 0.79 i–k 69.02 k–q
Ti NP 100 26.48 k–n 0.54 i–k 7.33 h–k 0.81 f–h 71.43 h–k

Ch 50 20.01 s 0.49 no 6.90 k–n 0.76 no 67.45 o–r
Ch 100 20.58 s 0.50 l–m 7.01 j–m 0.77 mn 67.91 n–r

Ch NP 50 29.61 h 0.59 fg 7.95 c–f 0.85 bc 73.14 f–i
Ch NP 100 30.10 gh 0.55 h–j 7.50 f–i 0.82 fg 71.66 g–k

‘Ahvaz’

Control 11.92 v 0.31 uv 4.65 u 0.71 st 63.54 st
Ti 50 16.24 tu 0.39 t 4.91 u 0.72 rs 66.27 q–s

Ti 100 21.47 rs 0.45 qr 5.42 st 0.76 no 68.18 l–r
Ti NP 50 27.29 jk 0.52 k–m 7.03 j–m 0.80 h–k 69.96 j–o
Ti NP 100 28.63 h–j 0.55 h–j 7.41 g–j 0.81 g–i 73.25 f–i

Ch 50 24.96 n–p 0.50 mn 5.78 rs 0.78 l–m 67.32 o–r
Ch 100 27.71 i–k 0.53 j–l 6.68 m–p 0.79 j–l 68.93 k–q

Ch NP 50 35.46 d 0.70 d 7.79 e–h 0.86 ab 78.73 cd
Ch NP 100 31.42 fg 0.64 e 7.45 g–j 0.84 cd 74.46 e–g

‘Budakalazi’

Control 19.89 s 0.38 t 5 tu 0.71 st 63.64 st
Ti 50 20.70 s 0.43 qr 5.80 rs 0.77 m–o 66.89 p–r

Ti 100 23.58 pq 0.46 pq 6.10 qr 0.79 kl 69.46 k–p
Ti NP 50 26.77 k–m 0.55 h–j 7.41 g–j 0.83 d–f 75.77 ef
Ti NP 100 29.60 h 0.57 f–h 7.80 d–g 0.84 c–e 76.45 de

Ch 50 25.49 l–o 0.52 k–n 6.35 o–q 0.80 h–j 71.46 h–k
Ch 100 26.77 k–n 0.53 j–l 7.26 i–k 0.81 g–i 72.64 g–j

Ch NP 50 43.62 a 0.93 a 9.91 a 0.87 a 88.82 a
Ch NP 100 33.83 de 0.60 f 8.38 bc 0.85 bc 78.79 cd
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Figure 7. Leaf stomatal conductance (gs) as a function of relative water content (RWC) in five milk
thistle ecotypes (‘Ahvaz’, ‘Budakalazi’, ‘Khomin’, ‘Khoram Abad’, and ‘Sari’), cultivated under the
application of chitosan or TiO2 treatments (bulk, nanoparticles) at three concentrations (0, 50, and
100 mg L−1). Data of all ecotypes and treatments were pooled across years (Year 1, open symbols;
Year 2, closed symbols).
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Figure 8. Leaf net photosynthetic rate (Pn) as a function of stomatal conductance (gs; (A)) and chloro-
phyll fluorescence (Fv/Fm; (B)) in five milk thistle ecotypes (‘Ahvaz’, ‘Budakalazi’, ‘Khomin’, ‘Khoram
Abad’, and ‘Sari’), cultivated under application of chitosan or TiO2 treatments (bulk, nanoparticles) at
three concentrations (0, 50, and 100 mg L−1). Data of all ecotypes and treatments were pooled across
years (Year 1, open symbols; Year 2, closed symbols).

Table 8. Analysis of variance on the effects of chitosan and titanium dioxide treatments (bulk,
nanoparticles) on seed mineral, protein, and oil content of five milk thistle ecotypes.

Mean Square

S.O.V df Mg Fe N Ti Protein Oil

Year (Y) 1 7.21 ns 0.98 ns 1.57 ** 1.004 ns 61.01 ** 24.19 ns

Replication (Year) (Ea) 4 32875.36 3.06 0.01 0.60 0.40 21.91
Cultivar (Cul) 4 43008.02 ** 4247.36 ** 0.18 ** 52.78 ** 7.27 ** 169.48 **

Compound (Com) 8 63107.58 ** 1946.56 ** 1.31 ** 803.69 ** 51.30 ** 859.9 **
Cul × Y 4 596.37 ns 0.33 ns 0.11 ** 0.19 ns 4.62 ** 0.44 ns

Com × Y 8 189.53 ns 0.39 ns 0.033 ** 0.061 ns 1.30 ** 0.16 ns

Cul × Com 32 3473.95 ** 51.42 ** 0.024 ** 20.97 ** 0.97 ** 8.99 **
Cul × Com × Y 32 471.86 ns 0.35 ns 0.016 ** 0.065 ns 0.63 ** 0.18 ns

Error (Eb) 176 1892.86 5.02 0.007 0.74 0.27 0.47
CV (%) 2.52 4.02 3.76 4.49 3.76 2.33

ns, not significant; **, significant at the 0.01 probability level.
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Table 9. Effects of chitosan and titanium dioxide (denoted as Ch and Ti, respectively) treatments
[bulk, nanoparticle (NP)] applied at three concentrations (0, 50, and 100 mg L−1) on seed mineral,
protein, and oil content of five milk thistle ecotypes. Three plants per treatment were assessed.
Different letters within a column indicate statistically significant differences (p < 0.05). For parameters
(N and protein contents) showing significant interaction effects among all three factors involved
(ecotype × treatment × year), the comparison of year means is provided in Table S4.

Ecotype Compound/Concentration
(mg L−1) Mg (µg/g) Fe (µg/g) N (%) Ti (µg/g) Protein (%) Oil (%)

‘Sari’

control 1705 j–s 37.78 vw 1.56 x 5.01 z 9.76 x 18.99 u
Ti 50 1704.6 j–s 43.34 tu 2.16 q–s 21.24 f–j 13.50 q–s 23.85 op
Ti 100 1726.6 h–o 51.45 no 2.19 o–s 21.40 f–i 13.68 o–s 24.67 mn

Ti NP 50 1745.5 e–l 65.31 g 2.21 n–s 22.02 f 13.85 n–s 33.91e
Ti NP 100 1769.5 e–h 66.02 fg 2.38 c–h 25.62 c 14.91 c–h 33.96 e

Ch 50 1719.1 i–q 46.57 q–s 2.18 o–s 15.34 v 13.67 o–s 29.29 ij
Ch 100 1734.2 g–n 55.38 j–m 2.23 m–q 18.73 o–q 13.97 m–q 29.85 hi

Ch NP 50 1881.1 a 67.11 e–g 2.46 a–e 21.11 f–j 15.38 a–e 37.08 ab
Ch NP 100 1832.5 a–c 68 ef 2.47 a–c 20.69 h–l 15.47 a–c 34.13 de

‘Khomin’

Control 1669.6 q–u 36.25 vw 1.85 v 6.40 xy 11.61 v 21.06 st
Ti 50 1678.2 o– u 44.43 st 2.12 r–t 20.34 j–m 13.30 r–t 20.42 t
Ti 100 1693.2 m–t 45.17 r–t 2.26 k–p 20.82 g–k 14.15 k–p 21.07 st

Ti NP 50 1717.2 j–r 56.02 i–l 2.35 f–k 24.22 e 14.71 f–k 30.59 gh
Ti NP 100 1725.4 h–o 58.17 hi 2.36 e–i 25.44 cd 14.80 e–i 30.53 gh

Ch 50 1699.1 k–t 49.52 op 2.28 i–o 17.34 tu 14.26 i–o 29.37 ij
Ch 100 1701.8 j–s 54.72 lm 2.34 f–k 17.65 st 14.67 f–k 29.47 ij

Ch NP 50 1737.7 g–m 59.56 h 2.53 a 20.43 i–m 15.83 a 34.84 cd
Ch NP 100 1764 e–i 58.89 h 2.34 f–l 17.69 r–t 14.62 f–l 34.09 de

‘Khorramabad’

Control 1631.1 u 35.55 w 1.66 w 7.09 x 10.41 w 19.37 u
Ti 50 1675 p–u 41.74 u 2.05 t–u 21.20 f–j 12.84 tu 22.56 qr
Ti 100 1686.1 n–t 44.53 st 2.12 r–t 21.23 f–j 13.28 st 23.99 no

Ti NP 50 1706.8 j–s 54.89 k–m 2.26 j–p 21.70 fg 14.18 j–p 30.61 gh
Ti NP 100 1727.3 h–o 55.85 i–l 2.32 g–m 29.07 b 14.51 g–m 31.21 g

Ch 50 1694.8 m–t 54.44 lm 2.16 q–s 19.53 m–o 13.54 q–s 26.96l
Ch 100 1697.1 l–t 53.23 mn 2.20 n–s 19.80 l–n 13.79 n–s 27.97 k

Ch NP 50 1727.9 h–n 55.96 i–l 2.39 c–g 20.74 g–l 14.95 c–g 32.13 f
Ch NP 100 1748.1 e–k 57.51 h–j 2.35 f–k 20.56 i–l 14.71 f–k 31.16 g

‘Ahvaz’

Control 1634.9 u 38.37 v 1.65 wx 5.50 yz 10.36 wx 21.82 rs
Ti 50 1650.8 tu 44.06 s–u 2.18 p–s 20.43 i–m 13.63 p–s 24.93 m
Ti 100 1684.9 n–t 44.44 st 2.19 o–s 20.56 i–l 13.69 o–s 27.56 kl

Ti NP 50 1724.4 h–p 53.61 l–n 2.26 k–p 21.62 f–h 14.16 k–p 34.11 de
Ti NP 100 1738.9 f–m 57.3 h–k 2.29 h–n 21.82 f 14.32 h–n 34.62 c–e

Ch 50 1699 k–t 47.27 p–r 2.23 m–q 16.50 u 13.93 m–q 28.76 j
Ch 100 1714.6 i–s 48.06 pq 2.24 l–q 17.98 q–t 14.02 l–q 34.38 c–e

Ch NP 50 1750.3 e–j 59.70 h 2.42 b–f 18.58 o–s 15.17 b–f 37.84 a
Ch NP 100 1780.4 e–g 58.25 hi 2.37 d–h 18.04 q–t 14.86 d–i 37.25 ab

‘Budakalazi’

Control 1669.2 r–u 59.28 h 2.02 u 13.75 w 12.67 u 23.30 o–q
Ti 50 1665.2 s–t 66.19 fg 2.16 q–s 19.30 n–p 13.55 q–s 23.09 pq
Ti 100 1675.2 p–u 67.24 e–g 2.22 n–r 20.08 k–n 13.89 n–s 26.94 l

Ti NP 50 1788 c–f 72.11 bc 2.36 f–j 24.51 de 14.77 f–j 34.39 cde
Ti NP 100 1792.7 c–e 74.62 b 2.47 a–d 31.76 a 15.43 a–d 35.02 c

Ch 50 1756.7 e–i 69.04 de 2.22 n–q 18.06 q–t 13.90 n–q 30.79 g
Ch 100 1783.5 c–g 70.89 cd 2.35 f–k 18.33 p–s 14.71 f–k 32.02 f

Ch NP 50 1830 b–d 79.36 a 2.54 a 18.55 o–s 15.87 a 37.04 b
Ch NP 100 1845.2 ab 81.16 a 2.49 ab 18.65 o–r 15.57 ab 36.78 b

Considering protein and oil contents collectively, the effect of either chitosan or TiO2
application was the lowest in the ecotype ‘Khomin’ and the highest in the ecotype ‘Sari’
(Table 9). Year 2 was found to have a more promoting effect as compared to year 1 (42.74
vs. 34.68%).

Seed protein and oil contents had a mild positive correlation with either seed yield per
plant (Figure 9A,B) or 1000–seed weight (Figure 9C,D), indicating that a tradeoff between
these traits can be critically ruled out.



Agronomy 2022, 12, 1827 17 of 22

Agronomy 2021, 11, x FOR PEER REVIEW 19 of 25 
 

 

Ch NP 100 
1780.4 e–

g 
58.25 hi 2.37 d–h 18.04 q–t 14.86 d–i 37.25 ab 

‘Budakalazi’ 

Control 
1669.2 r–

u 
59.28 h 2.02 u 13.75 w 12.67 u 23.30 o–q 

Ti 50 
1665.2 s–

t 
66.19 fg 2.16 q–s 

19.30 n–
p 

13.55 q–s 23.09 pq 

Ti 100 
1675.2 p–

u 
67.24 e–g 2.22 n–r 20.08 k–n 13.89 n–s 26.94 l 

Ti NP 50 1788 c–f 72.11 bc 2.36 f–j 24.51 de 14.77 f–j 34.39 cde 

Ti NP 100 
1792.7 c–

e 
74.62 b 2.47 a–d 31.76 a 15.43 a–d 35.02 c 

Ch 50 
1756.7 e–

i 69.04 de 2.22 n–q 18.06 q–t 13.90 n–q 30.79 g 

Ch 100 
1783.5 c–

g 70.89 cd 2.35 f–k 18.33 p–s 14.71 f–k 32.02 f 

Ch NP 50 1830 b–d 79.36 a 2.54 a 18.55 o–s 15.87 a 37.04 b 

Ch NP 100 1845.2 ab 81.16 a 2.49 ab 18.65 o–r 15.57 ab 36.78 b 

Seed protein and oil contents had a mild positive correlation with either seed yield 
per plant (Figure 9A,B) or 1000–seed weight (Figure 9C,D), indicating that a tradeoff be-
tween these traits can be critically ruled out. 

 
Figure 9. Seed protein and oil content as a function of seed yield per plant ((A) and (B), respectively) 
and of 1000–seed weight ((C) and (D), respectively) in five milk thistle ecotypes (‘Ahvaz’, ‘Buda-
kalazi’, ‘Khomin’, ‘Khoram Abad’, and ‘Sari’), cultivated under the application of chitosan or TiO2 
treatments (bulk, nanoparticles) at three concentrations (0, 50, and 100 mg L–1). Data of all ecotypes 
and treatments were pooled across years (Year 1, open symbols; Year 2, closed symbols). 

4. Discussion 
In this study, the optimal application form [bulk (non–structured), NPs] and concen-

tration (50, 100 mg L–1) of chitosan and TiO2 for stimulating seed yield and quality were 

Figure 9. Seed protein and oil content as a function of seed yield per plant ((A) and (B), respectively)
and of 1000–seed weight ((C) and (D), respectively) in five milk thistle ecotypes (‘Ahvaz’, ‘Budakalazi’,
‘Khomin’, ‘Khoram Abad’, and ‘Sari’), cultivated under the application of chitosan or TiO2 treatments
(bulk, nanoparticles) at three concentrations (0, 50, and 100 mg L−1). Data of all ecotypes and
treatments were pooled across years (Year 1, open symbols; Year 2, closed symbols).

4. Discussion

In this study, the optimal application form [bulk (non–structured), NPs] and con-
centration (50, 100 mg L−1) of chitosan and TiO2 for stimulating seed yield and quality
were evaluated for two successive seasons. Genetic variation in the range these effects are
expressed was addressed by studying five milk thistle ecotypes.

Chitosan and TiO2 application improved both seed yield and quality depending on the
milk thistle ecotype (Tables 5 and 9). This positive effect was consistently more prominent
when applying chitosan compared to TiO2 (Tables 5 and 9). In addition, the positive effect
of either chitosan or TiO2 was always more pronounced when these were applied in the
form of NPs compared to the bulk form (Tables 5 and 9). By examining different plant
traits in other taxa, the superiority of NPs compared to the bulk form has been previously
suggested [13,21]. In chitosan NPs, a low concentration (50 mg L−1) was optimal for
maximizing seed yield and quality (Tables 5 and 9), suggesting a priming effect. Therefore,
chitosan NPs (50 mg L−1) was proven to be the most effective means of promoting both
seed yield and quality, while its effect may be maximized when selecting the appropriate
(responsive) ecotype.

Chitosan and TiO2 application improved seed yield per plant (number of seeds per
capitulum × individual seed weight × number of capitula) by increasing individual seed
weight (recorded for both the main capitulum and the others), number of seeds (recorded
for the main capitulum), and the number of capitula depending on the milk thistle ecotype
(Table 9; see also Figure 5). However, the contribution of the number of capitula to the yield
increase was ecotype–dependent, as manifested by the different slope of the respective
curve (Figure 5B). Notably, there was no competition between the main capitulum growth
(diameter) and the number of capitula per plant, since these two were positively associated
with a highly significant relation, which was ecotype–dependent (Figure 6). Therefore,
the components underlying the increase in seed yield per plant were the same among
chitosan and TiO2, as well as between ecotypes (Table 9; see also Figure 5). Instead, the
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relative contribution of these components to the seed yield increase was ecotype–dependent
(Figure 5B).

The number of capitula per plant has been described as a key component in increasing
seed yield [51]. The results of this study validate the relation between the number of capitula
per plant and the seed yield within a single ecotype while suggesting that this relation is
not valid when comparing different ecotypes (Figure 5B). Therefore, for analyzing genetic
differences in seed yield, it is strongly suggested that all underlying components (number
of seeds per capitulum × individual seed weight × number of capitula) are examined and
treated with equal importance.

Earlier studies indicated that either exposure to (biotic/abiotic) stress factors or the
application of elicitors may alter milk thistle seed silymarin content, oil composition,
and, in this way, the respective pharmaceutical properties [52–54]. For instance, chitosan
application has been shown to promote silybin content [53], while chitosan NPs increased
essential oil and alkaloid contents (reviewed in [55]). In the current study, chitosan and
TiO2 application also improved seed quality, as expressed by protein and oil contents,
depending on the milk thistle ecotype (Table 9). Clearly, there was no tradeoff between
seed quality and either seed yield per plant or individual seed weight (Figure 9). Therefore,
chitosan and TiO2 stimulated oil yield per plant (seed weight per plant × oil content) by
increasing both underlying components (Tables 5 and 9). Although they are features critical
for pharmaceutical value [3–6], seed silymarin content and constituents, as well as oil
composition, were not assessed in the present study and ought to be included in future
investigations.

Chitosan and TiO2 application also enhanced seed mineral content (N, Mg, Fe, Ti)
depending on the milk thistle ecotype (Table 9). Seed Ti content was the only trait for which
the positive effect of TiO2 was more pronounced compared to chitosan. In other species,
chitosan has also been associated with increased seed mineral content [56].

Several processes underlying the promotive effect of chitosan and TiO2 on plant
growth and productivity were also evaluated. Chitosan and TiO2 application increased
chlorophyll and carotenoid contents depending on the milk thistle ecotype (Table 3). The
chitosan–induced increase in chlorophyll content has been earlier attributed to enhanced
leaf N content [57], cytokinin accumulation (a chlorophyll–synthesis promoter; [58]), chloro-
plast size, and chloroplastic gene expression [59]. Chlorophyll and carotenoid contents were
highly associated (Figure 4), indicating that these were equally stimulated. Chitosan and
TiO2 application also increased Fv/Fm, depending on the milk thistle ecotype (Table 6), in-
dicating improved photosynthetic efficiency. Therefore, chitosan– and TiO2–treated plants
not only have elevated chlorophyll content but also chloroplasts that are able to perform
photosynthesis in a more efficient context compared to the chloroplasts of untreated plants.

Chitosan and TiO2 application also improved leaf hydration status (RWC) depending
on the milk thistle ecotype (Table 7). The positive effect of chitosan on plant water status
has been earlier related to the improved adjustment of cell osmotic pressure [60]. Under
an improved leaf hydration state, plants expressed higher gs (Figure 7). An increased
gas–exchange rate (gs) and the enhanced photosynthetic efficiency (Fv/Fm) of chitosan–
and TiO2–treated plants was highly and positively associated with higher Pn (Figure 8).
The chitosan– and TiO2–induced increase in the photosynthesis rate and in gs has been
shown previously in other species [13,21,61]. Therefore, enhanced assimilation contributed
to the better milk thistle growth and productivity following chitosan and TiO2 application,
and this effect is partly related to improved water relations.

Although their mode of action is not currently fully understood, accumulating evi-
dence suggests that appropriate doses of chitosan and TiO2 bear a wide range of beneficial
biological properties [55,62,63]. Elucidating the underlying mechanism(s), along with the
ecological consequences, of large–scale (commercial) use will be fundamental to discover-
ing the full benefits of these substances for both plant yield and product quality [26,55,64].
Our experiments denote that the application of either chitosan or TiO2 favorably affected
the same plant processes independently of the employed type [bulk, NPs], with the former
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being consistently more effective than the latter. In both chitosan and TiO2, the NP form ex-
pectedly further facilitated the documented biological properties. In this way, NPs represent
a more eco–friendly approach, reducing the amount of required materials [26,53,55,65].

In the present experiments, plants were cultivated following commercial practices
to imitate realistic conditions and in the absence of stress, as indicated by the obtained
yields. Earlier studies report that the promotive effects of chitosan and TiO2 application
persist under stress conditions [53,66,67]. Under stress conditions, however, the magnitude
of the effects and their relative benefits will most likely be different than those reported
here [53,66,67]. From this perspective, the direct application of the obtained findings in
stress environments may be treated with caution.

5. Conclusions

In this case study, the optimal form and concentration (0–100 mg L−1) of chitosan and
TiO2 application for enhancing seed yield and quality were determined in five milk thistle
ecotypes over two experimental years. Chitosan and TiO2 application stimulated seed
yield and quality, with the former being consistenly superior. Nanoparticles (NPs) were
more efficient in promoting seed yield and quality compared to the bulk (non–structured)
form. A low chitosan NP concentration (50 mg L−1) was optimal, suggesting a priming
effect. These effects were ecotype–dependent. Increased hydration status led to enhanced
stomatal conductance, which, in association with improved Fv/Fm, contributed to a higher
photosynthetic rate. Seed quality (oil, protein content) was weakly positively associated
with seed weight and yield. All of the components (number of seeds per capitulum ×
individual seed weight × number of capitula) underlying seed yield were improved by
chitosan and TiO2 application, though their relative importance was ecotype–specific. For
instance, the relation of seed yield per plant with the number of capitula per plant was
ecotype–dependent. In conclusion, chitosan and TiO2 in either form improved seed yield
and quality, while chitosan NPs were most effective. On this basis, chitosan NPs repre-
sent a cost–effective and environmentally friendly avenue to stimulate both productivity
and quality.
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seed N, and protein contents of five milk thistle ecotypes. Three plants per treatment were assessed.
Different letters within a column indicate statistically significant differences (p < 0.05).
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