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Abstract

This study examined the effects of self- and cross-pollination on agro-morphological traits, aerenchyma formation, and
essential oil composition in Stachys setifera C.A.Mey. Ten clonally propagated genotypes and their seed progenies were
evaluated over two years under greenhouse and field conditions. Significant genetic variation was detected among geno-
types for biomass, seed yield, and essential oil content. Self-pollination led to contrasting effects: it enhanced traits such
as hundred-seed weight and essential oil content in some genotypes, while causing inbreeding depression in wet and dry
weight or seed number in others. GC-MS analysis identified 15 essential oil compounds, with geraniol, linalool, hexadec-
enoic acid, tetradecanoic acid, and geranyl acetate as the dominant constituents. Inbreeding differentially influenced these
compounds, indicating both enhancement and reduction across genotypes. Aerenchyma traits were significantly higher in
parents than progenies, and correlation and multivariate analyses revealed strong associations between root and rhizome
aerenchyma with yield components and essential oil content. Genotypes with higher oil content and yield such as Rahnan,
Ji Shir, Rodehen, and Dastgerd were identified for high biomass and essential oil production. Given the crucial role of
aerenchyma in vegetative storage and reproduction through facilitating gas exchange with the rhizosphere, an increase in
its area and number appears to directly enhance the medicinal potential of S. sefifera.
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Introduction

Medicinal plants hold a unique position in agriculture and
medicine, serving as valuable genetic resources. Among
them, the mint family (Lamiaceae) is one of the most
diverse and economically important plant families, well rec-
ognized for its richness in medicinal species and bioactive
compounds (Ulewicz- Magulska and Wesolowski 2023;
Mansinhos et al. 2024).

Stachys setifera C.A.Mey., a perennial herb or small
shrub of the Lamiaceae (Mohammadi and Kharazian 2022),
is native to the Eastern Mediterranean and Western Asia
(Tomou et al. 2023; Pashova et al. 2024). Owing to its
distinctive morphological features, diverse phytochemical
composition, and pharmacological potential, this species
has attracted growing scientific and conservation interest
(Slimani et al. 2023). Its vulnerable conservation status
further indicates the urgency of comprehensive biological
investigations (Giiner 2022; Xue et al. 2023). Beyond their
medicinal relevance, Stachys species are also ecologically
significant, contributing to soil health and ecosystem stabil-
ity through interactions with soil microbiota that enhance
nutrient cycling and structure (Tomou et al. 2020; Benedec
et al. 2023). Phytochemically, Stachys species are enriched
in essential oils, polyphenols, tannins, flavonoids, and phe-
nolic acids with potent antibacterial, anti-inflammatory, and
antioxidant properties (Slimani et al. 2023; Slobodianiuk
et al. 2021). From a breeding perspective, reproductive
strategies in Lamiaceae are shaped by self-incompatibility,
male sterility, and protandry (Naghiloo et al. 2022). While
controlled selfing is used to generate pure lines or elimi-
nate undesirable alleles, cross-pollination fosters heterozy-
gosity and heterosis, thereby supporting both conservation

Fig. 1 Geographic distribution of ten genotypes of Stachys setifera
used in this study

and genetic improvement (Cropano et al. 2021; Revell et
al. 2025).

Although S. setifera is considered drought-tolerant due
to its adaptation to arid habitats, anatomical adaptations
such as aerenchyma specialized gas-filled tissue reported
in related Stachys species remain poorly characterized in
this taxon (Klein et al. 2020; Haghpanah et al. 2024). Aer-
enchyma plays critical roles in oxygen diffusion, nutrient
uptake, and tolerance to waterlogging (Sou et al. 2021;
Yamauchi and Nakazono 2022). However, the anatomi-
cal diversity, functional relevance, and potential breeding
implications of aerenchyma in S. sefifera remain unex-
plored. Moreover, no study has systematically evaluated the
reproductive outcomes of self- versus cross-pollination, the
performance of early inbred generations, or their impact on
essential oil composition.

To address these gaps, the present study provides the first
integrated anatomical, reproductive, and phytochemical
characterization of S. setifera and its progeny. Therefore, the
present study was designed to achieve the following goals:
(a) investigate genotypic diversity in anatomical structures
(root, rhizome, stem) and quantify the number and area of
aerenchyma and their relationship with yield and seed pro-
duction; (b) evaluate vegetative and reproductive traits in
the progeny of the first selfed generation (S,) versus cross-
pollinated progeny. (c) compare the essential oil composi-
tion of self vs. cross-pollinated progeny to assess the impact
of inbreeding on plant traits and bioactive compounds.

Materials and Methods
Plant material and Field Growth Conditions

The genetic materials investigated in this research included
10 clones (also referred to as genotypes in this study) of
Stachys setifera naturally collected from various regions of
Iran, including Isfahan (Rahnan, Jishir, Tad, and Dastgerd),
Tehran (Rodehen), Hamedan (Shahrab and Arabloo), Cha-
harmahal va Bakhtiari (Garm Dareh and Cham Khorram),
and Mazandaran (Kelardasht) provinces. Their geographic
distribution is shown in Fig. 1.

The experiment was conducted over two consecutive
years at the Research Farm of Isfahan University of Tech-
nology (32°N, 51°E). The site is characterized by a cold and
dry climate with an average annual precipitation of 123 mm,
mean annual temperature ranging from 9.1 to 23.4 °C, soil
bulk density of 1.34 g cm™, and a pH of 7.5.

Initially, the collected genotypes were propagated in
pots (20x30 cm) filled with a soil mixture consisting of
equal proportions (v/v) of farm soil, sand, and leaf mold.
The propagation was carried out in three replicates. During
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the early growth stages, irrigation was applied frequently to
prevent desiccation, and the frequency was later adjusted
according to plant development. The pots were maintained
outdoors on the research farm until early October, after
which they were transferred to a greenhouse. In the follow-
ing year (April), the genotypes were transplanted to the field
under a randomized complete block design (RCBD) with
three replications. Each plot measured 2.5 m? (1x2.5 m)
and consisted of two rows with 50 cm spacing between rows
and five plants per row.

Growth, Morphological and Anatomical Traits of
Parents

Growth Form

Growth form was quantified as the ratio of plant height in
the natural position to height when gently held upright, fol-
lowing Rowe and Speck (2005):

Growth status = (normal state in plant height)

()

/ (standing state in plant height)

Plant Biomass (Wet and Dry Weight)

For each genotype and replication, three plants were ran-
domly sampled. Aerial parts were harvested at the crown,
immediately weighed for fresh biomass (g), then shade-
dried to constant weight and reweighed for dry biomass
(g). Genotype means were calculated across the three
replications.

Number of Seeds per Main Stem and 100- Seed Weight

At the bud stage, three branches per genotype each with one
node bearing six flowers were bagged. After one month,
bags were removed and self-pollinated seeds were counted.
Open-pollinated seed set was assessed on three unbagged
branches per genotype, and seed production per node was
recorded. For 100-seed weight, 100 seeds per genotype
were randomly counted and weighed.

Aerenchyma Number and Area (Stem, Root, and Rhizome)

For anatomical evaluations, from each genotype, samples
of rhizome, stem, and root were collected in the field and
fixed in water: ethanol: glycerin at 1:1:1 (v/v/v, i.e., 33.3%
each) (Mano et al. 2006). Cross-sections were prepared and
stained with carmine alum and methyl green. The number
and cross-sectional area of the aerenchyma tissue in each
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genotype and each part of the plant were measured using an
OLYMPUS microscope and Dino software.

Essential oil Content

To extract the essential oil, leaves were collected at flower-
ing stage, air-dried at room temperature, and ground. Essen-
tial oils were extracted from 20 to 80 g of the powdered leaf
material by distillation with water for 4 h using a Clevenger-
type apparatus. The distillates were collected from the Clev-
enger column with diethyl ether. The essential oil content
(%) was calculated based on the dry weight of the sample
following the method described by Arabsalehi et al. (2018):
Theamountofessentialoil

Essentialoilcontent (%) = Dryweightofthesample x 100 2)

Assessment of Reproductive Strategies on Agro-
morphological and Anatomical Traits in the
Offspring

Controlled pollinations both self and cross-fertilizations
were conducted. For cross-fertilization, each clone was arti-
ficially pollinated with nine other genotypes. The crossing
schemes are presented in Table S1.

Self-pollination to carry out self-pollination in each gen-
otype, five flowers were bagged at the bud stage. After 4
weeks, the bags were removed, and seed yield was recorded.
Genotypes that produced no seeds were classified as obli-
gate outcrossers (self-incompatible), while those that pro-
duced seeds were considered facultative selfers.

Cross-pollination to check cross-pollination, 45 flowers in
each genotype were emasculated and bagged after 2—4 days,
when stigmas were fully receptive, five flowers were manu-
ally pollinated using pollen from one of nine other geno-
types. Seed set was evaluated after one month. Pairs that
produced seeds were deemed cross-compatible; those fail-
ing to do so were recorded as cross-incompatible.

Apomixis Assessment

Apomixis, the possibility of producing seeds without fertil-
ization was also investigated. For this purpose, six flowers
in each genotype were first emasculated and then bagged.
After one month, the bags were removed, and the seed yield
of the plants was determined. None of the genotypes pro-
duced apomictic seeds suggesting that this reproduction
system is likely not prevalent in this plant species.
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The Evaluation of Progeny

Seeds derived from self- and cross-pollination of 10 selected
genotypes were germinated in trays (one seed per entry) in
May. Seedlings at the 3—4 leaf stage were transplanted to
the field in a randomized complete block design with three
replications. Each plot contained 10 plants with 70 cm row
spacing and 40 cm intra-row spacing. At maturity, agro-
morphological and anatomical traits were measured, includ-
ing fresh and dry leaf weight, number of stems per plant,
seed number per main stem, 100-seed weight, essential oil
content, and aerenchyma number and area in root, stem, and
rhizome tissues.

Essential Oil Composition

Essential oils from self- and cross-derived progenies were
analyzed using gas chromatography—mass spectrometry
(GC-MS). Analyses were performed on an Agilent 6890
GC system equipped with an HP-5 MS column (30 m x
0.25 mm i.d., 0.25 um film thickness). The injector tem-
perature was 250 °C; column thermal planning from 50
to 290 °C with a temperature increase of 5 °C/min, FID
detector with a temperature of 290 °C. Helium (99.999%)
served as the carrier gas at a constant flow of 1 mL/min
(Agilent Technologies, Avondale, PA, USA). One microliter
of essential oil from pooled replicates of each genotype was
injected, and compounds were identified based on retention
time and mass spectra (Ragno et al. 2020).

Statistical Analysis

Data from each experiment were analyzed using a random-
ized complete block design (RCBD) with three replications.
Analysis of variance (ANOVA) was performed in SAS
software (ver. 9.4; SAS Institute Inc., Cary, NC, USA), and
treatment means were compared using the least significant
difference (LSD) test at (P<0.05). To evaluate inbreeding
depression, the performance of self-pollinated offspring was
compared with that of cross-pollinated progeny for each
trait. Inbreeding depression (%) was calculated as:

ID=(Mean—g,Mean )/ ;ossMeanx100 (3).

Differences between parents and offspring, as well as
among genotypes, were further analyzed using GraphPad
Prism (ver. 9.3.1). Multivariate relationships among traits
and genotypes were explored through principal component
analysis (PCA) with biplot and heat maps prepared in Stat
Graphics XVIII (http://www.statgraphics.com), while JMP
(ver. 16) was used for hierarchical clustering of genotypes
and traits.

Results
Genetic Diversity

Analysis of variance (Table 1) revealed pronounced genetic
variation among genotypes and their cross-pollinated prog-
enies for all measured traits (p<0.01). Parental effects
were also highly significant across nearly all traits, with the
exception of one-hundred-seed weight (WS), which showed
no detectable difference among parents.

In contrast, populations derived from self-pollination
exhibited significant differences only for growth form (GF),
number of main stems (NMS), and essential oil percentage
(EP), suggesting a narrower phenotypic range in selfed lines.
When cross- and self-pollinated progenies were compared,
significant differences emerged for wet weight (WW), dry
weight (DW), weight of 100 seeds (WS), number of seeds
(NS), growth form (GF), number of main stems (NMS), and
essential oil percentage (EP). The contrast between parental
genotypes and their offspring was also statistically signifi-
cant for all measured traits (Table 1), indicating substan-
tial segregation and recombination effects in the progeny
populations. Percentage changes associated with inbreeding
depression or improvement were assessed through ANOVA
followed by LSD mean separation tests; statistically sig-
nificant differences are presented in Tables 2 and 4 (LSD,
p<0.05).

Plant Wet Weight

Wet weight was evaluated in parents as well as in self- and
cross-pollinated offspring. Analysis of variance (Table 1)
indicated that genotypes, self-pollinated populations, and
cross-pollinated populations all exhibited significant varia-
tion for this trait.

Wet Weight in Parents (Clones)

Mean comparisons showed a wide range of parental
wet weight: Rahnan displayed the highest wet biomass
(1241.72 g.m2) whereas Arabloo was the lowest (273.30 g.
m~2). These parental contrasts were supported by LSD com-
parisons (p<0.05; Table 2).

Wet Weight in Offspring

Among cross-pollinated offspring, Ji Shir recorded the
highest wet weight (378.83 g.m?) and Arabloo the low-
est (129.58 g.m™). In self-pollinated progenies, Rodehen
and Shahrab were the extremes (360.75 and 187.14 g.
m2, respectively) (Table 2). The effect of selfing varied
by genotype: some genotypes gained biomass while others
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Table 1 Analysis of variance (ANOVA) for growth, agronomical, biochemical, and anatomical traits in Stachys setifera

S.0.V
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df Mean squares

NAS NARh

NAR

ARh

AS

AR

EP

DW NS WS GF NMS

WWwW

0.433 "™ 1159.28 ™

7.3 %108 4.45%x10'°"  162.300 "

2.84x 107

0.0003"™

540"

0.002 1
0.049"
0.022""
0.019"

92.31™  417™ 5509.2™  0.1™

2

Replication

1332.8#19  408.7""*19 9475.1"#19

73422

5.6 % 1013**#19
38.4x 10%™
35% 100

5.47 % 1010**#19
6.2x10%"

1.55% 107719

94.4x10%™

0.00047"
0.0031""

15.57"
26317

0.001™

66,679
542,311 0.00001™

119.47 ™
0.005™"

1665.3"

0.01"

25

Genotypes

3254.33"

1211.21™

980.01"

Parents

1267.98"

452.12™

30%x10%"

22.6x107

0.0004™

sk

20.2

1463.5™  20,785"  0.0007™

1308.8"
402.2 1

9
5
1
1

Cross-pollination
Self-pollination

0.0004™

9.32""
3.32"

0.00001 ™ 0.08""
0.008""

0.002""

278.4 "

79.2"

0.0019™

0.01"

752.14"  2075.8"

587.99"

Cross-P vs. Self-P

492" 861.17"

372.11""

7.21%10%" 22.43x10°™

32.4x 10"

0.0028"

7.45"
1.77
7.22

0.003""
0.001

2340.1""

2765.4"
2.98
496

1067.35™
114.5

7.91
Significant at the 0.05 probability level.

Parent vs. Offspring

79.217#44
3.87

287.37%44
6.19

60.89"44

2.12

9.18 x 10*#44

9.74

2.95x 1034

4.98

0.000002  9.99 x 10244

3.21

0.00002
9.

5542.1
5.65

50

Error

4.25

19.24
Significant at the 0.01 probability level. *: degree of freedom of Aerenchyma traits. WW: wet weight, DW: dry weight, NS:

number of seeds in main stem, WS: weight of 100 seeds, GF: growth status, NMS: number of main stems, EP: essential oil content, AR: total area of aerenchyma root surface, AS: total area

64

CV (%)

£

*

™ Non-significant.

of aerenchyma stem surface, ARh: total area of aerenchyma rhizome surface, NAR: number of aerenchyma root, NAS: number of acrenchyma stem, NARh: number of aerenchyma rhizome

declined. Garm Dareh exhibited the largest inbreeding-
associated increase (+62.24%) and Shahrab the largest
decrease (—33.12%); these changes were validated by LSD
comparisons (p<0.05; Table 2).

Plant Dry Weight

The analysis of variance (Table 1) showed highly signifi-
cant differences in dry matter weight among the genotypes,
including parents, self-pollinated, and cross-pollinated
offspring.

Plant Dry Weight in Parents (Clones)

Based on mean comparisons, the highest and lowest dry
weights among parents were recorded in Rahnan (441.12 g
m2) and Arabloo (136.33 g m™), respectively, with differ-
ences being statistically significant (LSD, p<0.05; Table 2).

Plant Dry Weight in Offspring

In cross-pollinated progeny Ji Shir and Arabloo repre-
sented the upper and lower extremes (130.31 and 53.75 g.
m2, respectively). In self-pollinated progeny, Rodehen and
Shahrab showed the highest and lowest values (131.50 and
79.25 g.m™2, respectively). These differences were signifi-
cant according to LSD (P<0.05). Among self-pollinated
progeny, Garm Dareh exhibited the largest improvement in
dry weight (+79.91%), whereas Shahrab showed the great-
est depression (—20.62%) (Table 2). Improvements in wet
and dry weights resulting from cross-fertilization (relative
to selfing) were also observed in Dastgerd, Tad, Rodehen
and Garm Dareh.

Number of Seeds in the Main Stem

The results of analysis of variance showed a significant dif-
ference between the genotypes in terms of the number of
seeds in the main stem (Table 1).

Number of seeds in the main stem in parents
(clones)

Parental seed number on the main stem varied from 888.5
(Rahnan) to 523.4 (Cham Khorram); with differences being
statistically significant (LSD, p<0.05; Table 2).

Number of seeds in the main stem in offspring
In cross-pollinated progeny, the highest and lowest values

were observed in Shahrab (695.55) and Kelardasht (438.6),
respectively. In self-pollinated progeny, Rahnan (382.81)
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Table 2 Comparison of the mean and changes due to inbreeding (ID) for morphological and anatomical traits in parents, cross-pollinated and self-pollinated populations in Stachys setifera

100-seed weight (g)

number of seeds in the main stem (pp)

Dry weight (g.m?)

wet weight (g.m2)

Genotypes

Cross Self % ID Parent Cross Self % ID
0.008 20.89
0.01

Cross Self % ID Parent Cross Self % ID Parent

Parent

60.8™in-
-50.86
55.43-

695.5m3% 272 4™Min
328.8™% 35.66-
311.6

59.01
661

888.5M** 595

74391

20.06™"-
3.37

79.25min
81.75

95.33

—33.12™" 25211

17.9
25.26

187.4™in

0.162
0.136

0.134
0.128
0.124

730.22

99.83

562.31 279.83

Shahrab

5.98

290

645.65

79.08
78.42

351.00

898.73 195.72 230.75
216.08

Dastgerd
Tad

0.131™in  4.81™ib

0.018™** ™#%0.138 0.157

373.11 0.008

761.98

21.57
2.88-

264.33

270.67

778.75

13.23

80.69

441.12™** 83.03
271.09

11.35-

222.53

1241.72™* 251.00

707.00

Rahnan

0.158™M*% 31.3ma

0.150

0.120
0.121

0.01

49.70-

619.56

131.57M% 24.84

105.33
73.12

360.7™*% 42.54

253.33

Rodehen
Garm

—-28.8™" (.009

23.96

538.09 49733  353.87

79.91™

131.33

62.24™*  211.33

207.72 337.04

565.70

Dareh

0.083™"
0.128
0.106
0.129

53,75min

136.23™min
210.11

129.58min
0.83m3x378 -

273.3Q™in
567.01

0.007™"
0.01
0.01
0.01

595.4

732.73

Arabloo
Ji Shir

609.22

661.32

130.31™*
62.25

438.6™n

545.55

421.34

191.92
254.31

431.71

Kelardasht
Cham

523.4™in

500.55

88.64

262.33

769.72

Khorram

256.76 85.34 99.98 17.69 47.14b 59423  330.63 —4491 0.0101 0.12 0.15 16.69
11.84 24.14 0.008

17.22

268.13

235.83

Total mean 679.56

28.48
Cross: cross-pollinated offspring, Self: self-pollinated offspring, ID: inbreeding regression, pp: per plant. ™: The maximum mean value of the trait. ™": The minimum mean value of the trait.

The data values represent mean + SE

LSD (%)

and Shahrab (274.4) represented the upper and lower
extremes. Self-pollination resulted in reduced seed num-
bers across all populations. The largest inbreeding depres-
sion was recorded in Shahrab (—60.8%), and the smallest in
Garm Dareh (—28.87%), with these differences being statis-
tically significant (LSD, p<0.05).

100- Seed Weight

Genotypes exhibited significant variation for 100-seed
weight at the 1% probability level. Significant differences
were also detected among families derived from both cross-
and self-pollination (Table 1).

100-Seed Weight in Parents (Clones)

Rahnan had the highest 100-seed weight (0.018 g) and Ara-
bloo the lowest (0.07 g); mean comparisons confirmed these
differences (LSD, p<0.05; Table 2).

100-Seed Weight in Offspring

Among cross-pollinating progeny, Rahnan again had the
greatest 100-seed weight (0.138 g) and Arabloo the low-
est (0.083 g); among self-pollinated progeny, Rodehen was
highest (0.158 g) and Tad lowest (0.131 g) (Table 2). Self-
pollination generally increased 100-seed weight. Rodehen
exhibited the largest gain (+31.3%) while Tad showed the
smallest (+4.81%); these differences were significant (LSD,
p<0.05).

Growth form

A significant difference was observed among the genotypes
for the trait of growth form. In addition, the results of analy-
sis of variance showed that the effect of self-pollination and
cross-pollination was significant for this trait, and the effect
of self-pollination versus cross-pollination was also signifi-
cant (Table 1).

Growth form in Parents (Clones)

A significant difference was observed among genotypes
for growth status (Table 2), so that the highest and lowest
amount of this trait in parents was in Shahrab (0.967) and
Ji Shir (0.907), respectively. These differences were statisti-
cally supported by LSD comparisons (p <0.05; Table 2).
Growth form in Offspring

Substantial variation in growth status was observed among
cross- and self-pollinated progeny. In cross-pollinated
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Table 3 Comparison of the mean and changes due to inbreeding (ID) for morphological and anatomical traits in parents, open-pollinated and self-pollinated populations in Stachys setifera

Genotypes

@ Springer

Essential oil content (%)

No. main stem (per plant)

Growth status

% ID Parent Cross Self % ID
0.017

Self

Cross

Parent
14.6d

Self % ID
—4.36
223

Cross

Parent

26.59™in.
24.47
9.68-

10.58™in
13

200max
min25

100

0.03

0.012

14.42

0.429™* 0.402

0.343

0.967™*
0.933

Shahrab

10.44™in
12.92
13.75
11.67
10.56
8.08

0.05™m
0.04

0.043™™
0.023

0.034™
0.027
0.033
0.020

83.85m

69
4.

0.630

Dastgerd
Tad

13.6™"
23.3

0.185™in
0.369

11.67
12.14

0.313

0.926
0.956

0.02min
0.04
0.03

100

0.013

11.72-

52

0.385

Rahnan

33.33
50

0.429™ 0.662™* 4.95 18.3 15.75ma 35.12m 0.031
0.252 12 13.96

0.928

Rodehen

—20.37™in

0.201™in

0.024
0.032

0.025

21.3

0.945
0.935

Garm Dareh
Arabloo
Ji Shir

0.013

19.6

0.258

0.010™"
0.031

0.011™in
0.033

0.907™in
0.928

15.08™*
13.37
12.42
11.67

26.3™™

0.303
0.382
0.258
0.

26.3m*
16.6

Kelardasht

0.014
0.02

0.022
0.02

0.959

Cham Khorram
Total mean
LSD (%)

84.72

0.04

4.19

12.52

20.22
222

32 0.43 22.93

0.938
0.06

0.008

families, Rodehen (0.429) and Shahrab (0.420) had the high-
est values, whereas Tad showed the lowest (0.185). In self-
pollinated progeny, Rodehen exhibited the greatest growth
status (0.662), while Garm Dareh had the lowest (0.201).
These contrasts were significant (LSD, p<0.05; Table 2).
Because all ratios were below 1, genotypes generally tended
toward a prostrate growth form. The impact of inbreed-
ing on growth status varied across genotypes. In Dastgerd
(+83.85%), Tad, Rodehen, and Rahnan, self-pollinated
progeny outperformed cross-pollinated ones, indicating that
stronger plants were produced through selfing. In contrast,
in Shahrab and Garm Dareh, cross-pollinated progeny had
higher growth status values than selfed progeny, suggesting
that inbreeding produced weaker plants (Table 2).

Number of Main Stems (NMS)

Analysis of variance revealed significant differences among
genotypes for the number of main stems. The effects of self-
and cross-pollination, as well as progeny vs. parents and
selfing vs. crossing contrasts, were also highly significant
(Table 1).

Number of Main Stems in Parents (Clones)

Mean comparisons indicated that Kelardasht and Ji Shir
had the highest NMS (26.3), whereas Tad had the lowest
(13.6). These differences were statistically significant (LSD,
p<0.05; Table 2).

Number of Main Stems in Offspring

In cross-pollinated progeny, Ji Shir exhibited the high-
est NMS (15.08) and Dastgerd the lowest (10.44). In self-
pollinated progeny, Rodehen recorded the maximum NMS
(15.75), while Shahrab showed the minimum (10.58)
(Table 2). Selfing reduced NMS in Shahrab, Tad, and
Rahnan, but increased it in Dastgerd, Rodehen, and Garm
Dareh. Rodehen displayed the greatest inbreeding-related
improvement (+35.12%), whereas Shahrab experienced the
strongest depression (—26.59%). These contrasts were sta-
tistically supported (LSD, p<0.05; Table 2). Interestingly,
increased NMS in some selfed lines coincided with higher
biomass and yield, highlighting its potential as a selection
criterion for superior genotypes.

Essential Oil Percentage

Analysis of variance showed a significant difference among
different genotypes in terms of essential oil content (EP).
The effects of self- and cross-pollination, as well as self-
ing vs. crossing and progeny vs. parents were all significant,
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with the latter contrast highly significant at the 1% level
(Table 1).

Essential Oil Percentage in Parents (Clones)

Comparison of means showed that the highest content of
essential oil (EO) in parent families belonged to the Dast-
gerd genotype (0.034%), and the lowest amount in parents
belonged to Ji Shir (0.011%). These differences were statis-
tically significant (LSD, p<0.05; Table 2).

Essential Oil Content in Offspring

Among progeny, Dastgerd again showed the highest EP
(CP: 0.043%, SP: 0.050%), while the lowest values were
observed in Ji Shir under cross-pollination (0.010%) and
Rahnan under self-pollination (0.020%). These differ-
ences were significant according to the LSD test (p<0.05;
Table 2). Self-pollination generally increased EP con-
tent across all genotypes. The greatest inbreeding-related
improvement was observed in Shahrab (+200%), whereas
Dastgerd showed the smallest increase (+25%) (Table 2).

Aerenchyma Formation in Root, Stem and Rhizome

Aerenchyma development was investigated in parents and
their cross-pollinated progeny. Analysis of variance showed
that the effects of genotype and cross-pollination on aeren-
chyma-related traits were highly significant (»p<0.01). The
contrast between parents and progeny was also significant
at the 1% level across all plant organs (Table 1). Mean com-
parisons confirmed substantial differences in the number
and area of aerenchyma between parents and cross-polli-
nated offspring (Fig. 2).

Roots Aerenchyma in Parent and Offspring

Parents and cross-pollinated progeny differed significantly
in both number and area of root aerenchyma (Table 1).
Among parents, Garm Dareh had the largest aerenchyma
area (114847 um?), while Tad had the smallest (44682 um?).
In progeny, Ji Shir showed the maximum area (5127.2 pm?),
and Tad again the minimum (595.3 um?) (Table 3). Ji Shir
and Rodehen recorded the highest number of root aeren-
chyma in parents (88.3) and progeny (73.59), respectively,
whereas Garm Dareh had the lowest in both groups (29.2
and 12.27). Overall, parents outperformed progeny, with
mean root aerenchyma values of 60.93 in number and
74,552 nm? in area (Fig. 2). Representative cross-sections
of root aerenchyma of Stachys setifera are shown in Fig. 3.

Stem Aerenchyma in Parent and Offspring

Significant genotypic variation was also detected for stem
aerenchyma traits (Table 1). Rahnan exhibited the largest
aerenchyma area in both parents (35273 um?) and progeny
(16004 pm?), while the smallest values were found in Ara-
bloo (161 um?, parents) and Garm Dareh (844 um?, prog-
eny) (Table 3). Shahrab showed the highest number of stem
aerenchyma (20.6 in parents, 17.12 in progeny), whereas
Ji Shir, Cham Khorram, and Arabloo consistently had the
lowest (1). Mean comparisons revealed that parents sur-
passed progeny, with average values of 10.21 (number) and
126,898 pm? (area) (Fig. 2). Stem cross-sections of Stachys
aerenchyma are illustrated in Fig. 5.

Rhizome Aerenchyma in Parent and Offspring

The highest number and area of aerenchyma in Stachys
plants was observed in the rhizome. Significant differences
were observed among families for both traits (Table 1).
Rahnan recorded the largest rhizome aerenchyma area in
parents (2.3 x107 pum?) and progeny (10,858.9 um?), while
Arabloo (91,784 um?, parents) and Rodehen (269.5 um?
progeny) showed the lowest values (Table 3). Rahnan also
had the highest number of rhizome aerenchyma (731.5 in
parents, 247.5 in progeny), compared to Arabloo, which had
the lowest (87 and 35, respectively). On average, parents
exceeded progeny with 347.73 in number and 3.06 % 10°
um? in area (Fig. 2). A representative cross-section of rhi-
zome aerenchyma is presented in Fig. 6.

Chemical Composition of Essential Oils

GC and GC-MS analyses of essential oils from self- and
cross-derived populations identified 15 principal com-
pounds, which together accounted for 51.44-79.93% of the
total oil (Tables 4 and 5). The major constituents were gera-
niol, hexadecenoic acid, linalool, tetradecanoic acid, and
geranyl acetate. Among these, geraniol was the predominant
metabolite, followed by hexadecenoic acid and linalool. In
cross-pollinated progenies, the highest geraniol content was
recorded in Kelardasht (37.20%) and the lowest in Arabloo
(1.36%). In selfed progenies, Garm Dareh and Dastgerd
showed the highest and lowest values (19.05% and 7.65%,
respectively) (Table 4). Inbreeding modified geraniol con-
tent differentially across genotypes: Dastgerd experienced
the greatest reduction (—60.01%), while Rodehen exhibited
the largest increase (+45.35%), with differences supported
statistically (LSD, p<0.05).

Hexadecenoic acid represented the second most abun-
dant compound. In cross-progenies, Arabloo had the maxi-
mum (18.09%) and Dastgerd the minimum (1.35%); while
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Fig. 2 Mean comparisons of the number and area of aerenchyma in
parents and cross-pollinatedoffspring of Stachys setifera. Diagrams of
AR: total area of aerenchyma root surface, AS: total area of aeren-
chyma stem surface, ARh: total area of aerenchyma rhizome surface,

NAR: number of aecrenchyma root, NAS: number of aerenchyma stem,
NARh: number of aerenchyma rhizome. A same letter above the col-
umns for each trait (diagram) indicates that the values are not statisti-
cally different (p > 0.05). Values are mean =+ standard error

Fig. 3 A cross-section view of the aerenchyma tissue in the root under a light microscope with40X (A) and 10X (B) magnification - Rahnan

genotype
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Fig. 4 A cross-section view of the aerenchyma tissue in the stem under a light microscope with 40X (A) and 10X (B) magnification - Rahnan

genotype

in selfed progenies, Tad and Dastgerd represented the
extremes (11.79% and 2.51%, respectively). Selfing consis-
tently enhanced hexadecenoic acid levels across genotypes,
with Dastgerd showing the highest gain (+85.92%) and
Rodehen the lowest (+2.19%). Linalool ranked third, rang-
ing from 1.90% in Arabloo to 17.77% in Dastgerd among
cross-pollinated lines, and from 2.31% in Tad to 15.79%
in Dastgerd among selfed lines. The effect of inbreeding
on linalool was strongly genotype-dependent: Tad showed
the largest reduction (—77.52%), while Rodehen displayed
the greatest increase (+95.06%). Tetradecanoic acid was
identified as the fourth major compound, with Cham Khor-
ram (11.65%) and Dastgerd (1.80%) showing the highest
and lowest levels in cross progenies, respectively. In selfed
lines, Rodehen (8.65%) and Dastgerd (2.93%) represented
the extremes. Inbreeding differentially affected this com-
pound: levels increased in Dastgerd, Tad, and Rodehen but
decreased in Shahrab, Rahnan, and Garm Dareh. Geranyl
acetate was the fifth major constituent. Its levels in cross-
progenies ranged from 1.09% (Arabloo) to 7.77% (Kelar-
dasht), while in selfed lines, the highest (8.61%) and lowest
(3.79%) levels were observed in Dastgerd and Tad, respec-
tively. Inbreeding had contrasting effects, with Tad exhibit-
ing the greatest decline (—31.34%) and Dastgerd the highest
increase (+22.82%) (Table 4). Other minor compounds
were also identified in both self- and cross-pollinated popu-
lations (Table 5). Overall, the inbreeding effect on essential
oil composition was strongly genotype-dependent, leading
to both positive and negative shifts across compounds and
populations.

Relationship Among Genotypes and Agro-
morphological Traits

The results of principal component analysis (PCA) for paren-
tal genotypes and cross-pollinated offspring are presented in

Figs. 5 and 6. In parents, the first two principal components
explained 71.62% of the total variance. PC1 (48.45%),
showed positive and significant correlations with WW, WS,
DW, GF, NS, AS, ARh, and NARh, while PC2 (23.17%)
was positively associated with NAS, EP, NMS, and NAR,
and negatively correlated with AR (Fig. 5). Most traits in
PC1 were positively correlated with those in PC2. Based on
the biplot, families located in the first and fourth quadrants
had the highest values for PC1 traits. Rahnan was identified
as the superior parent, with the highest rhizome aerenchyma
traits and plant and seed yield. In addition, Rodehen, Dast-
gerd, Kelardasht, and Shahrab grouped together due to their
high essential oil content. Interestingly, the number of root
aerenchyma showed an inverse relationship with its area
and was not strongly related to other traits. The largest root
aerenchyma area was observed in Garm Dareh and Arabloo
genotypes (Fig. 5).

In cross-pollinated progenies, the first two PCs explained
more than 70% of the variance, with PC1 and PC2 account-
ing for 39.72% and 21.36%, respectively (Fig. 6). PC1 was
positively correlated with most traits (WW, WS, DW, GF,
NS, AR, EP, NMS, NAR), with no negative associations.
PC2 showed positive correlations with ARh, NARh, and
AS, and a negative correlation with NAS. Accordingly, PC1
can be described as a “yield index” and PC2 as an “aer-
enchyma index.” Genotypes such as Rodehen, Ji Shir, and
Shahrab exhibited the highest PC1 values, indicating supe-
rior yield performance, while Rahnan showed the highest
rhizome aerenchyma (Fig. 6).

When PCA was performed using essential oil content,
its constituents, and aerenchyma traits, the first two PCs
explained over 85% of total variance, with PC1 and PC2
accounting for 59.33% and 26.74%, respectively (Fig. 7).
PC1 was negatively correlated with NARh, ARh, NAS, AS,
and key oil components including geraniol, linalool, gera-
nyl acetate, nonanoic acid, a-terpineol, neryl acetate, and
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NARh

NAS

NAR

ARh(pm?)

Parent

AS(um?)
Parent

AR (pm?)
Parent

Table 4 Comparison of the mean for Aerenchyma traits in parent and cross-pollinated populations in Stachys setifera

Genotypes
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Cross

Parent

Cross

Parent

Cross

Parent
71.6

Cross

Cross

Cross

17.12™m% 234.67 121.22

30.6™*

29
3

69.45

4700.47
718.37

1.51x10°
953,255

2177
5851

145,610
150,724

3226.2
345,150

65,512
45,673

Shahrab

121.22

447.67
467

47.75

64.6
54

1715.63
595,3min

Dastgerd
Tad

213.11

38.89
47.43

9.03x10° 2629.27

4590

44,682min
76,982
61,606

247.56™*
179.23

731.5m*
593.5
692

2.76
7.34

5.78

3.6

1
1

80.2

10858.9™m2x
269.5™in

2.34 x 107max
1.43x10°
1.36x 107
91,784™min

209,939

16,004™
6202

352,973™m*
33,397
5832

1480.63
4631.93
4228

Rahnan

2.3
3.6

73.59m

88.2

Rodehen

254.44
35min
87

12.277min
44.56

29,2 min

6

2306.37

844min

114,847m

Garm Dareh
Arabloo
Ji Shir

87min
145

161min

lmin

5.2

1897.57
519.03

3519.04
1055
3927

678.7

100,652
91,924
72,117

lmin lmin

73.54
22

88.3mx
37

40,483
2132

5127.2m*
397.87

123.45
79.98

236.5
242.5

7947.07
770.6

1.3x10°

531,662
3.1x10°

5811

Kelardasht

lmin
6.2

24.76 1min

31

71,525 1361.52 71,456 10,328

Cham Khorram
Total mean
LSD

347.73 144.22

102.8

45.421 10.21
3.5

60.93

3261.715

5449.70

114579.5

2945
AR: total area of aerenchyma root surface, AS: total area of aerenchyma stem surface, ARh: total area of aerenchyma rhizome surface, NAR: number of aerenchyma root, NAS: number of

aerenchyma stem, NARh: number of acrenchyma rhizome. Cross: cross-pollinated offspring, ™*: The maximum mean value of the trait. ™®: The minimum mean value of the trait. The data

values represent mean = SE

1944.29

74251.9
521.5

7.38

E-B-ionone, while positively correlated with hexadecanol,
caryophyllene oxide, spathulenol, hexadecanoic acid, and
n-heneicosane. This component was therefore regarded as
the “oil quality index.” In contrast, PC2 correlated posi-
tively with AR, NAR, EP, tetradecanoic acid, and dodeca-
noic acid, reflecting an “oil quantity and root aerenchyma
index.” The analysis highlighted a positive relationship
between oil content and root aerenchyma, whereas oil qual-
ity (especially geraniol and linalool) was strongly linked
to stem and rhizome aerenchyma. Among cross-pollinated
progenies, Dastgerd and Kelardasht were superior for oil
quality, while Ji Shir, Rodehen, and Rahnan were superior
for oil quantity (Fig. 7).

For grouping the genotypes based on the studied traits,
heat mapping was used and graphically showed the status of
each genotype concerning all the attributes. In these graphs,
the dark blue color shows the lowest value of a trait, and the
dark red indicates the highest (Figs. 8 and 9). In this regard,
parental genotypes were divided into two groups. Rahnan
genotype was placed in a separate group compared to other
genotypes and had the highest value of all traits except the
number of stem aerenchyma, which was consistent with the
results of biplot. Also, the Garm Dareh genotype had the
highest number and area of rhizome aerenchyma (Fig. 8).
Similar to parental genotypes, the results of heat mapping
for cross-pollination derived offspring divided the studied
entries into two groups (Fig. 9). Rahnan, Shahrab, and Ji
Shir genotypes were placed in a separate cluster compared
to other genotypes, which had the highest values of yield
traits and yield components, and had the lowest values of
ARh, NARh, AS and NAS traits, and these results were con-
sistent with the results of the biplot analysis (Figs. 5 and 6).
Also, Rahnan and Tad genotypes had the highest number
and area of aerenchyma.

Discussion

Genetic Variability and Ecological Responses of
Stachys setifera Populations

The present study explored the genetic diversity among wild
accessions and their progeny in Stachys setifera populations,
providing detailed insights into various agro-morphological
traits and their responses to distinct reproductive strategies.
Analysis of variance (ANOVA) revealed significant effects
of genotype and pollination method on all measured traits,
emphasizing the considerable genetic variability within the
studied populations. These findings align with previous
studies highlighting the crucial role of genetic diversity in
plant populations for adaptation and survival under fluctuat-
ing environmental conditions (Salgotra and Chauhan 2023;
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Fig. 5 Principal component analysis for the relationship among the
studied traits and the distribution of parental families of Stachys set-
ifera relative to these traits. WW: wet weight, DW: dry weight, NS:
number of seeds in main stem, WS: weight of 100 seeds, GF: growth
form, NMS: number of main stems, EP: essential oil percentage, AR:

total area of aerenchyma root surface, AS: total area of aerenchyma
stem surface, ARh: total area of aerenchyma rhizome surface, NAR:
number of aerenchyma root, NAS: number of aerenchyma stem,
NARh: number of aerenchyma rhizome
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Fig. 6 Principal component analysis for the relationship among the
studied traits and the distribution of parental families of Stachys set-
ifera relative to these traits. WW: wet weight, DW: dry weight, NS:
number of seeds in main stem, WS: weight of 100 seeds, GF: growth
form, NMS: number of main stems, EP: essential oil percentage, AR:

Chung et al. 2023). The observed significant parental effects
on most traits indicate the contribution of parental genotypes
in shaping progeny characteristics, reflecting both additive
and non-additive genetic inheritance (Beavis et al. 2021).
Interestingly, the weight of 100 seeds (WS) deviated from
this pattern, suggests a more complex genetic architecture
likely influenced by multigenic inheritance, trait correla-
tions, and/or environmental interactions (Yuan et al. 2024).

Self-pollination induced pronounced changes in traits
such as growth form (GF), number of main stems (NMS),
and essential oil content (EP), highlighting the plasticity

total area of aerenchyma root surface, AS: total area of aerenchyma
stem surface, ARh: total area of aerenchyma rhizome surface, NAR:
number of aerenchyma root, NAS: number of aerenchyma stem,
NARh: number of aerenchyma rhizome

of S. setifera in response to inbreeding. Similar differen-
tial effects of self-fertilization on biomass traits (DW and
FW) have been reported in thyme, where some populations
exhibited improved growth while others showed depres-
sion under selfing (Khanahmadi et al. 2021). Comparisons
between cross- and self-pollinated progeny further illumi-
nate the interplay between genetic diversity and reproduc-
tive strategy in shaping plant growth and biomass allocation
(Parra-Tabla and Alonso 2021). From an evolutionary per-
spective, these contrasting outcomes indicate that while
self-pollination may provide short-term reproductive

@ Springer
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[}
;5) assurance, it carries risks of reduced genetic variability,
al E inbreeding depression, and decreased ecological resilience
:\o o § over generations (Cheptou 2019; Acoca-Pidolle et al. 2024).
E Conversely, cross-pollination enhances heterozygosity,
e E hybrid vigor, and yield stability, thereby sustaining genetic
-13 2l = diversity critical for adaptive potential under environmental
2 E stress (Chabert and Mallinger 2025).
§ A E Dry weight differences among parents and progeny illus-
21513 218 trate the sophisticated interplay between genetic factors and
é physiological traits related to resource utilization. Cross-
g pollination markedly improved dry weight in specific geno-
I :S types compared to self-pollination, emphasizing the role of
= P hybrid vigor in optimizing biomass and resource allocation.
= Variations in 100-seed weight further suggest that repro-
sla £ ductive strategy influences both seed quality and overall
E 2 E reproductive success. The observed increase in seed weight
g E under self-pollination likely results from reduced seed num-
=1 o= . . .
gl ¢« 2= ber per plant, reflecting an adaptive allocation of resources
i i B to enhance individual seed fitness (Salami et al. 2017,
g Dieterich Mabin et al. 2021). Such patterns highlight the
ale § potential trade-offs in reproductive strategies: selfing may
~ g é increase certain traits (e.g., seed weight) while simultane-
2 ously reducing overall fitness through decreased seed num-
g Yy g g
k= ber or chemical quality.
e E z E The analysis of essential oil content revealed interactions
Z = between genetics and secondary metabolite production.
Bl _|E Self-pollination increased total essential oil content across
= 8 NS g genotypes, demonstrating that reproductive strategy can
< — Ol.= . . . . .
2 modulate biosynthesis of secondary metabolites (Shojaie-
& far et al. 2021). This dual response, reduced biomass (DW
ol En and FW) alongside enhanced secondary metabolite accu-
Sla |3 mulation, suggests that inbreeding functions as a form of
£ genetic stress, potentially triggering adaptive biochemical
=] .
i PN 5 pathways. At the molecular level, stress-responsive genes
—|13|Z = are activated, regulating enzymatic pathways and protective
3 g g enzy: p Y p
5 g compound synthesis, thereby facilitating adaptive responses
5 = p Y y g adap P
Zlgl. |z to abiotic and biotic stresses including extreme tempera-
SRS A k= g P
&5|1Z2 S S tures, drought, salinity, and nutrient deficiency (Khanah-
% madi et al. 2021; Achrem et al. 2023). Reports of increased
= secretory gland numbers and essential oil percentages under
gla | & self-fertilization in other medicinal plants corroborate these
ol — .
[ @ observations (Nazem et al. 2019).
§ These results collectively provide novel evidence link-
|z s ing reproductive strategy, genetic variation, and biochemi-
(] . . . . .
=2~ |& cal traits in S. sefifera. By demonstrating genotype-specific
£ G2 responses in both morphological and metabolic traits, this
5 p rpholog
% %o 0| T 5 study establishes a foundational framework for future mech-
I F IR y
—~ D : ® E « e R . N . N . .
S |<Io|=S|E & anistic investigations, including transcriptomic, metabolo-
5] £ g g p
£ S 3 mic, and functional analyses. Importantly, our findings offer
= 2.5 Y p Y g
§ - g % 5 practical implications for conservation and breeding strate-
213 7 S o .
w|S |2 O+ gies, identifying cross-pollination as a key method for main-
[} o — w = .. . . . .
E g § 2} 8 g taining genetic diversity and selecting genotypes capable of
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Fig. 7 Principal component analysis for the relationship among the
studied traits and the distribution of offspring families (cross-pollina-
tion) of Stachys setifera relative to these traits. WW: wet weight, DW:
dry weight, NS: number of seeds in main stem, WS: weight of 100
seeds, GF: growth form, NMS: number of main stems, EP: essential oil

percentage, AR: total area of aerenchyma root surface, AS: total area
of aerenchyma stem surface, ARh: total area of aerenchyma rhizome
surface, NAR: number of aerenchyma root, NAS: number of aeren-
chyma stem, NARh: number of aerenchyma rhizome
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Fig. 8 Principal component analysis for the relationship among the
essential oil content (EP), the main essential oil compounds and the
aerenchyma traits of offspring families (cross-pollination) of Stachys
setifera. EP: essential oil content, AR: total area of aerenchyma root
surface, AS: total area of aerenchyma stem surface, ARh: total area
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of aerenchyma rhizome surface, NAR: number of aerenchyma root,
NAS: number of aerenchyma stem, NARh: number of aecrenchyma rhi-
zome. Red dash: the best quality of oil, Green dash: the most amount
of oil



Journal of Plant Growth Regulation (2026) 45:4178-4199

4193

Fig. 9 Heat mapping diagram
related to the studied traits of

Mo ln )
parental families of Stachys Arabloo
setifera Heat-mapping diagram
related to the studied traits of Ii shir
Stachys setifera families. The dark
blue color indicates the lowest
value of the characters, and the Tad

dark red color indicates the highest
value. WW: wet weight, DW: dry
weight, NS: number of seeds in
main stem, WS: weight of 100
seeds, GF: growth form, NMS:
number of main stem, EP: essential
oil percentage, AR: total area of
aerenchyma root surface, AS: total
area of aerenchyma stem surface,
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rhizome surface, NAR: number of
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aerenchyma stem, NARh: number Rodehen
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L

g

optimizing both yield and secondary metabolite production
under variable environmental conditions.

e

Genotypic Variation and Ecological Significance of
Aerenchyma Development

Aerenchyma, the specialized tissue characterized by air
spaces, plays a pivotal role in plant adaptation to water-
logged environments by facilitating oxygen transport to
submerged tissues (Gao et al. 2025). In this study, we exam-
ined aerenchyma formation in roots, stems, and rhizomes
of Stachys setifera, revealing substantial variation among
parental genotypes and their cross-pollinated progeny.
Variance analyses indicated significant effects of genotype
and reproductive strategy on aerenchyma traits, showing
the genetic basis of its development and its modulation by
environmental and breeding factors. Significant differences
between parents and progeny across plant organs reflect
the combined influence of genetic inheritance (Schneider
et al. 2023) and environmental interactions (Nomura et al.

= ~
v = v o= .-r""ﬁ-‘i
Me 2 2o 9 €|
S 0 2w Z2 N Z a4 Z <

2024) on aerenchyma morphology. Hypoxic or anoxic con-
ditions can trigger functional and developmental responses
that promote plant acclimation, including enhanced aeren-
chyma formation in roots and the development of imper-
meable barriers to radial Oz loss (ROL) in basal root zones
(Jiménez et al. 2021). Our results provide the first report of
aerenchyma in S. setifera, a species inhabiting alternating
drought and temporary waterlogging conditions. Extensive
aerenchyma in rhizomes and stems likely supports oxygen
supply under hypoxic stress, facilitates resource remobiliza-
tion, and enhances stress tolerance, contributing to survival
and reproductive success. Importantly, we observed posi-
tive correlations between aerenchyma traits and both yield-
and essential oil-related traits (Fig. 7), suggesting potential
mechanistic links between structural adaptations and sec-
ondary metabolism.

In roots, notable differences in aerenchyma number and
area among genotypes suggest variable capacities for oxy-
gen transport and waterlogging tolerance across genera-
tions. These differences likely arise from genetic divergence
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Fig. 10 Heat mapping diagram
related to the studied traits of off
spring families (cross-pollination)
of Stachys setifera. Heat-mapping
diagram related to the studied
traits of Stachys setifera families.
The dark blue color indicates the
lowest value of the characters, and
the dark red color indicates the
highest value. WW: wet weight,
DW: dry weight, NS: number of
seeds in main stem, WS: weight of
100 seeds, GF: growth form, NMS:
number of main stem, EP: essential

Arabloo
Kelardasht
Dastgerd
Rahnan

Cham Khorram

oil percentage, AR: total area of o =
aerenchyma root surface, AS: total Garm Dareh
area of aerenchyma stem surface,
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rhizome surface, NAR: number of
aerenchyma root, NAS: number of
aerenchyma stem, NARh: number
of aerenchyma rhizome

Shahrab

DWW
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in genes regulating aerenchyma formation, including those
involved in programmed cell death and hormonal signaling
(Schneider et al. 2023; Zhao et al. 2025). Similar genotypic
variation was observed in stems, indicating that structural
modifications in stem aerenchyma could affect plant stabil-
ity, resource allocation, and overall fitness. The rhizome
exhibited the highest aerenchyma number and area, reflect-
ing its key role in storage and vegetative propagation. Sub-
stantial variation in rhizome aerenchyma among genotypes
may influence local metabolic activity, oxygen diffusion,
and adaptive responses to fluctuating hydrological condi-
tions. These observations align with findings in wheat,
where rhizomes showed higher aerenchyma development
than roots (Gao et al. 2025). Importantly, our findings pro-
vide the first report of aerenchyma in S. setifera, highlighting
its ecological and adaptive significance. In native habitats,
these species experience alternating drought and temporary
waterlogging. Extensive aerenchyma in rhizomes and stems
likely supports oxygen supply under hypoxic conditions
while facilitating resource remobilization and enhancing
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stress tolerance, contributing to plant survival and reproduc-
tive success.

A conceptual framework integrating aerenchyma devel-
opment, secondary metabolite biosynthesis, and plant fit-
ness provides mechanistic insight into our observations.
Extensive aerenchyma formation enhances internal gas
exchange, which can modulate oxygen availability in roots
and rhizomes, thereby influencing metabolic fluxes and car-
bon partitioning toward the biosynthesis of essential oils,
particularly monoterpenes and other terpenoid compounds.
Hormonal signaling molecules, including ethylene, auxin,
and abscisic acid, as well as reactive oxygen species (ROS),
are known regulators of both aerenchyma formation and sec-
ondary metabolism, and likely mediate these effects (Chen
et al. 2021; Zhao et al. 2025). Consequently, genotypic dif-
ferences in aerenchyma development may indirectly deter-
mine the quantity and composition of essential oils, linking
structural adaptations to biochemical traits. Such integration
of structural, metabolic, and signaling networks can explain
how genotypes with higher aerenchyma in rhizomes and
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stems achieve enhanced stress tolerance, optimized resource
remobilization, and potentially improved reproductive suc-
cess through modulation of ecological interactions, includ-
ing herbivore deterrence and pollinator attraction. This
perspective indicates that aerenchyma contributes not only
to oxygen transport and tolerance to fluctuating hydrological
conditions, but also to the regulation of secondary metabo-
lism critical for the ecological and evolutionary success of
Stachys setifera (Sarkar et al. 2023; Sherwood et al. 2025).
Although our study provides correlative evidence, direct
functional validation through transcriptomic, metabolomic,
or hormonal analyses remains an important future direction.

Chemical Composition of Essential Oil

The chemical profile of plant essential oils is shaped by mul-
tiple factors, including genetic variability, environmental
conditions, and reproductive strategies such as pollination
method (Khanahmadi et al. 2021; Kanjevac et al. 2023).
In the present study, GC and GC-MS analyses revealed 15
major constituents in the essential oil of cross- and self-pol-
linated populations of Stachys setifera. These compounds
accounted for a substantial proportion of the oil and collec-
tively determine both its therapeutic potential and ecologi-
cal functions (Bilusi¢ Vunda¢ 2019). Among the identified
metabolites, geraniol, hexadecenoic acid, linalool, tetradec-
anoic acid, and geranyl acetate were predominant. Geraniol
represented the most abundant compound, followed by hexa-
decenoic acid and linalool; this result aligns with Gad et al.
(2022) and Ivanova et al. (2023). Notably, linalool and gera-
niol two monoterpenes synthesized via the plastidial MEP
(2-C-methyl-D-erythritol-4-phosphate) pathway by terpene
synthases stood out as key constituents. These volatiles not
only possess diverse pharmacological properties, including
antimicrobial, antioxidant, anticancer, antidiabetic, and neu-
roprotective activities, but also play critical ecological roles
in pollinator attraction and plant defense against herbivores
and pathogens (Bahadori et al. 2020; Stegarus et al. 2021).
Geranyl acetate, a terpenoid ester, contributes to floral scent
and enhances pollinator interactions. By contrast, fatty acids
such as hexadecenoic and tetradecanoic acids—products of
lipid metabolism serve not only as membrane components
but also as precursors of oxylipins and other signaling mol-
ecules central to stress response and defense (He and Ding
2020). Overall, these findings indicate that the S. setifera oil
profile integrates inputs from both terpenoid and fatty acid
biosynthetic pathways, thereby linking its chemical compo-
sition to underlying biochemical functions and ecological
roles.

Pollination strategy had a significant impact on essential
oil composition. Self-fertilization altered the abundance of
individual metabolites, with both increases and decreases

observed depending on genotype. For instance, hexa-
decenoic acid levels rose in several selfed lines, indicat-
ing potential for targeted metabolic enhancement through
breeding, while geraniol and linalool showed genotype-
specific reductions or gains. These contrasting trends likely
reflect differences in the regulation of terpene synthases and
fatty acid metabolism, as supported by recent genomic and
transcriptomic studies (Ivanova et al. 2023; Rabara et al.
2023). Such compositional changes carry important medici-
nal and ecological implications. Reductions in geraniol and
linalool may weaken antimicrobial, antioxidant, and anti-
cancer activities, whereas elevated fatty acid levels could
strengthen structural and signaling roles but contribute
less to pharmacological value. Ecologically, higher mono-
terpene concentrations may enhance pollinator attraction,
while their reduction could diminish defense against herbi-
vores and reduce reproductive success (Bahadori et al. 2020;
Stegarus et al. 2021). Overall, these findings suggest that
reproductive strategy modulates metabolic fluxes, thereby
shaping both the quality and quantity of essential oils. Gen-
erally, while self-fertilization increased the total essential
oil percentage (EP) across all genotypes, it often reduced
the relative abundance of major bioactive compounds such
as geraniol and linalool. This pattern implies a trade-off
between oil yield and quality. For example, the Dastgerd
genotype produced the highest EP in all three populations
(parental, cross-pollinated, and self-pollinated), largely due
to its elevated linalool content. Nevertheless, the overall
decline in key phytochemicals under self-fertilization indi-
cates that reproductive strategy can boost oil quantity at the
expense of chemical quality (Shojaiefar et al. 2021).
Importantly, correlations between aerenchyma traits and
essential oil composition indicate potential mechanistic
links. Genotypes with more extensive aerenchyma in stems
and rhizomes consistently exhibited higher levels of princi-
pal oil constituents, including geraniol and linalool. These
results suggest that structural adaptations like aerenchyma
may facilitate oxygen diffusion and metabolic efficiency,
indirectly promoting secondary metabolite biosynthesis
through enhanced carbon allocation and hormonal signal-
ing (ethylene, auxin, ABA) (Hassanpouraghdam et al. 2022;
Schneider et al. 2023). This integrative perspective showed
that essential oil yield and quality are not solely determined
by genetic makeup but are also modulated by interactions
between anatomical traits, reproductive strategy, and envi-
ronmental factors. Taken together, our findings provide the
first comprehensive link between reproductive strategy,
structural adaptation (aerenchyma), and essential oil com-
position in S. sefifera, establishing a foundation for future
functional genomics and breeding programs aimed at opti-
mizing both quantity and quality of bioactive metabolites.
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Understanding Genotype-trait Relationships
through Principal Component Analysis

Principal component analysis (PCA) was employed to elu-
cidate complex relationships among agro-morphological
traits, aerenchyma development, and essential oil charac-
teristics in S. setifera populations. The biplot results for
parental and cross-pollinated populations (Figs. 5 and 6)
revealed that the first principal component (PC1) was posi-
tively and significantly associated with weight-related traits
(WW, WS, DW), growth form (GF), leaf traits (NS), and
rhizome aerenchyma traits (ARh, NARh). The second prin-
cipal component (PC2) showed a positive correlation with
stem-related traits (NAS), essential oil production (EP), and
leaf morphological characteristics (NMS). These patterns
indicate strong integrative relationships among structural,
growth, and biochemical traits, highlighting the central
role of aerenchyma in linking physiological and metabolic
outcomes.

Most of the variables contributing to PC1 were positively
aligned with those in PC2, indicating that enhanced growth
and structural vigor often coincide with improvements in oil
yield and stem development. When we examined the biplot
patterns of essential oil yield and composition in relation
to aerenchyma traits (Fig. 7), a clear trend emerged: root
aerenchyma showed the strongest link to total oil content,
while rhizome and stem aerenchyma were more closely tied
to oil composition especially to the five predominant com-
pounds, geraniol, linalool, hexadecenoic acid, tetradecanoic
acid, and geranyl acetate. These relationships suggest that
different plant organs make distinct structural contribu-
tions to the plant’s overall metabolism. Among them, stem
aerenchyma appears to play a particularly influential role,
shaping both total productivity and the performance of self-
fertilized lines (Yamauchi and Nakazono 2022; Dzhoglova
et al. 2024). Similar relationships have been observed in
other crops as well. In rice, for instance, greater aerenchyma
development has been linked to increases in both wet and
dry biomass, improved nutrient accumulation, and stronger
tolerance to environmental stress (Chakraborty et al. 2021;
Vijayalakshmi and Raveendran 2023). Looking ahead, inte-
grating more advanced multivariate approaches, such as
canonical correlation analysis, partial least squares regres-
sion, or QTL-trait mapping, could help clarify how these
anatomical and metabolic traits interact at the genetic level.

Comparison between progeny and parental genotypes
revealed clear differences in trait distributions. Among
parental genotypes, Rahnan exhibited the highest values for
most traits, whereas in the progeny, Rahnan maintained the
best WW and DW, with Rodehen, Ji Shir, and Shahrab dem-
onstrating elevated values for multiple traits. The cross-pol-
lination progeny biplot suggests that hybridization produced
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superior individuals relative to their parents, consistent with
heterosis effects reported in other plant systems (Thavaman-
ikumar et al. 2020; Singh et al. 2023). Specifically, analysis
of essential oil traits indicated that Dastgerd and Kelardasht
genotypes exhibited the highest oil quality, while Rahnan, Ji
Shir, and Rodehen had the highest oil quantity, reinforcing
the importance of genotype-specific trait optimization for
breeding programs.

The heat mapping graphs were consistent with the bip-
lot diagrams, confirming that genotypes with higher aeren-
chyma traits in the stem exhibited greater WW, DW, and
WS. Similar relationships have also been reported in other
crop plants (Jia et al. 2022; Yuan et al. 2022). In contrast,
these traits showed negative associations with Arh and
NARh. Previous studies demonstrated that aerenchyma in
the root and stem contributes more strongly to plant sur-
vival and enhanced morphological traits compared with aer-
enchyma in the rhizome. In plants where aerenchyma was
restricted to the root, improved gas exchange and increased
tolerance to stresses such as flooding were observed (Geng
et al. 2023; Jin et al. 2025).

Importantly, the correlations observed between aeren-
chyma development and essential oil traits in S. setifera
suggest not only descriptive variation but also potential
mechanistic links. Recent studies indicate that aecrenchyma
formation is tightly regulated by hormonal signaling path-
ways (e.g., ethylene, auxin, and ABA) and programmed
cell death, which also influence secondary metabolism and
the allocation of carbon resources. It is therefore plausible
that genotypic differences in acrenchyma development indi-
rectly affect terpene biosynthesis through shifts in oxygen
availability, carbon partitioning, and hormonal balance.
This interpretation aligns with our PCA results, where aer-
enchyma traits clustered with both yield- and oil-related
traits. By uncovering these integrative patterns for the first
time in S. setifera, our study provides a conceptual frame-
work for future mechanistic investigations (e.g., transcrip-
tomic or metabolomic analyses) that can directly test how
structural adaptations like aerenchyma modulate essential
oil biosynthesis and quality.

Conclusion

This study provides an integrative assessment of genetic
diversity, reproductive strategies, aerenchyma develop-
ment, and essential oil composition in Stachys setifera. The
results demonstrated that both genotype and pollination
method significantly influenced growth, morphological,
and biochemical traits. Self-pollination created trade-offs,
enhancing certain metabolites (e.g., total oil content) while
reducing biomass and key compounds such as geraniol and
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linalool, whereas cross-pollination promoted heterozygos-
ity, hybrid vigor, and superior performance in both yield and
oil traits. Our findings revealed, for the first time, a direct
association between aerenchyma development and essen-
tial oil composition, with stem and rhizome aerenchyma
linked to oil quality and root aerenchyma to plant survival
under stress. These results suggest that structural traits not
only support ecological adaptation but also shape secondary
metabolism. Multivariate analyses further confirmed that
genotypes with extensive aerenchyma exhibited higher bio-
mass and improved oil profiles, highlighting the potential
of aerenchyma traits as indirect markers for breeding pro-
grams. By establishing genotype trait linkages and demon-
strating the interactive effects of reproductive strategy and
structural adaptation, this study advances the understanding
of adaptive mechanisms in medicinal plants. The evidence
highlights the broader applicability of aerenchyma-based
selection for improving essential oil yield and quality
while enhancing ecological resilience, providing a concep-
tual framework for both fundamental research and applied
breeding.
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