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Abstract

Background and Obijectives: Phenological studies are essential for developing agronomic
management practices, production strategies, and plant breeding programs. Nepeta L. is one of
the largest genera in the family Lamiaceae, and Iran is one of its major centers of origin and
diversity. Given the importance of this genus and the reported biological activities of its
specialized metabolites, investigating national germplasm collections is important for their future
use in breeding and crop management programs. The present study investigates phenological
diversity and the timing and rate of reproductive structure formation under ex situ conditions in
21 populations of N. kotschyi Boiss. This species was selected for potential breeding and
cultivation based on previous research by the first author, which evaluated flowering shoot
production in terms of rate and frequency, as well as the quantity and quality of its phytochemical
compounds, including essential oil and phenolic compounds. The present study contributes to the
broader research needed to support the future breeding and cultivation of this species.
Methodology: Twenty-one populations of Nepeta kotschyi, representing two varieties, var.
kotschyi and var. persica, were cultivated in a field in western Tehran to minimize environmental
effects on the evaluations. Phenological observations were conducted during the second year of
cultivation, following the onset of growth in early March. The phenological stages assessed
included vegetative growth, budding, three successive stages of bud development, and flowering.
To quantify the rate of formation and development of reproductive structures, measurements were
taken at two time points: Phase 1, 40 days after the onset of growth, and Phase 2, at the stage
when more than 75% of the plants were flowering. The timing of Phase 2 was determined by
recording the number of days elapsed since the onset of growth. At both phases, the average plant
area and height were measured, and plant volume was estimated by multiplying these two
measurements. The proportions of total plant volume occupied by vegetative and reproductive
structures were then calculated for each phase. The rate of reproductive structure formation and
development was calculated as the change in the proportion of reproductive structures between
Phase 1 and Phase 2, divided by the number of days elapsed between the two phases. The resulting
rate was expressed as a percentage per day (% day~ ). Cluster analysis was performed to identify
the contributions of individual phenological traits to variation among populations, while principal
component analysis (PCA) was used to characterize and group the populations based on their
phenological traits.
Results: The results revealed significant differences among populations in the timing of growth
and developmental stages, allowing them to be classified into three flowering groups: early-,
intermediate-, and late-flowering populations. Although all populations were cultivated under the
same environmental conditions, their distinct growth patterns suggest a substantial genetic
contribution to the regulation of phenological development. The Kohgiluyeh and Boyer-Ahmad
(Kb and K), Ardakan 2, and Ardakan 3 populations were identified as the most promising
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populations in terms of reproductive development, exhibiting the highest flowering percentages
within the shortest periods. The occurrence of plants with markedly different flower colors and
developmental stages within the same population, as observed in the Bafgh and Ardakan 3
populations, suggests the presence of considerable within-population diversity that could provide
valuable genetic resources for future breeding programs. Cluster analysis classified the
populations into four groups based on their phenotypic and phenological characteristics.
Bootstrap analysis (100 replicates) supported the separation of the Isfahan and Kohgiluyeh and
Boyer-Ahmad populations from those originating from Yazd, Khorasan, and Chaharmahal and
Bakhtiari. Populations in Groups 1 and 2 were characterized by early flowering, whereas Group
3 consisted of late-flowering populations. Group 4, which contained the largest number of
populations, encompassed all three flowering patterns, with intermediate-flowering populations
being the most prevalent. The results of principal component analysis (PCA) were consistent with
those of cluster analysis. The first two principal components explained 82.49% of the total
variation among the studied populations.

Conclusion: This study revealed structured variation in the growth patterns of N. kotschyi
populations and provided a valuable basis for the systematic use of this diversity in agricultural,
medicinal, and conservation programs. These findings can support the selection of superior
genotypes for developing improved cultivars, the sustainable management and conservation of
genetic resources, and the enhancement of cultivation productivity for this valuable medicinal
plant.

Keywords: Nepeta kotschyi, cultivation, diversity, phenology, ex situ.
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Table 1. Information of studied Nepeta kotschyi populations obtained from Gene Bank of Natural Resources, Research

Institute of Forests and Rangelands (RIFR), Tehran, Iran

Species Population origin

Population code

15908, Ardakan, Yazd, Iran Yal
15857, Ardakan, Yazd, Iran Ya2
13040, Ardakan, Yazd, Iran Ya3
15852, Ardakan, Yazd, Iran Yad
15853, Taft, Yazd, Iran Ytl
13061, Taft, Yazd, Iran Yt2
15827, Taft, Yazd, Iran Yt3
10350, Taft, Yazd, Iran Yt4
21048, Taft, Yazd, Iran Yt5
N. kotschyi Boiss. var. persica 15828, Taft, Yazd, Iran Yt6
15850, Mehriz, Yazd, Iran Ym
21027, Sadug, Yazd, Iran Ys
21035, Bafq, Yazd, Iran Ybaf
21039, Behabad, Yazd, Iran Ybeh
18697, Yazd, Yazd, Iran Yyl
18695, Yazd, Yazd, Iran Yy2
28272, Semirom, Isfahan, Iran Is
25740, Khorasan, Khorasan, Iran KH
29556, Chelgard, Chaharmahal and Bakhtiari, Iran CHc
- . 31955, Buyer-ahmad, Kohgiluyeh and Buyer-ahmad, Iran Kb
N. kotschyi Boiss. var. kotschyi 29231, Buyer-ahmad, Kohgiluyeh and Buyer-ahmad, Iran K

Botanical certification of the plant materials was performed by National Herbarium (TARI) of RIFR.
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Table 2. Characteristics of cultivation and establishment field location of studied Nepeta kotschyi populations

Location Longitude  Latitude  Altitude ?enr:gzlr;:lf?: Annual mean pregrp])ri]tl;?ilons A:S;a:::er?z?n
ST
® (N) (m) (°C) humidity (%) (mm) sunny hours
Western o nar o g
Tehran 51° 08 35°43 1215 18.1 36.4 1324 254.3
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Table 3. Chemophysical characteristics of cultivation and establishment field soil of studied Nepeta kotschyi populations

. Organic  Organic
Soil Texture carbon  matter pH EC g\l P K Fe Mn cu Mg Zn
sample (%) (%) (%) (ppm)  (ppm) (ppm) (ppm) (ppm) (ppm)  (Ppm)
Soil Sandy
from Loamy 16 2.7 79 06 02 53 478 4.5 10.2 0.9 344 14
Soil Loamy
from Sandy 16 2.8 79 06 02 48 504 5.4 12.1 04 348 14

Physical and chemical characteristics of the soil were analysed by Babol Edaphology Laboratory (Iran).
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Figure 2. Division of phenological stages from bud to flower in Nepeta kotschyi species
a: flower bud at the initial growth stage, b: flower bud at the middle growth stage (bi: var. persica and bz: var. kotschyi), c: flower bud at the middle toward
advanced growth stage (ci: var. kofschyi and cz: var. persica), d: flower bud at the advanced growth stage when they are fully swollen and a little color of the
petals is visible and they are close to the blooming stage, and e: flower.
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Figure 3. Division of plant surface in Nepeta kotschyiinto four parts to record phenological phases percentage
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Table 4. Ex situ phenological stages percentage in 21 Nepeta kotschyi populations on two dates of data collection

Populatio Veg Ve Budsta Budsta Budme Budme Budmeda Budmeda Buda Buda Flo Flo
n phi g rt re d d d d d d ph  ph
Yal 986 0.0 15 49.7 0.0 42.3 0.0 4.3 0.0 34 00 04
Ya2 833 12 16.7 3.2 0.0 252 0.0 10.9 0.0 483 00 00
Ya3 291 00 53.6 13 13.6 153 0.0 0.0 3.8 800 00 33
Yad 506 5.6 22.3 7.2 16.1 234 0.0 5.0 0.0 434 00 45
Ytl 519 0.0 314 8.7 147 10.1 0.4 0.0 18 646 0.0 16.
Yt2 592 0.0 35.6 18.9 5.3 9.7 0.1 59.7 0.0 73 00 45
Yt3 339 0.0 57.2 5.9 8.8 17.0 0.0 45 0.3 648 0.0 80
Yt4 96.7 0.9 3.1 27.2 0.3 52.9 0.0 8.4 0.0 97 00 11
Yt5 721 0.0 216 4.0 6.4 15.8 0.0 1.6 0.0 754 00 35
Y6 65.1 0.0 5.0 8.1 115 19.6 6.0 234 125 417 00 75
Ym 931 00 7.0 4.0 0.0 16.0 0.0 0.0 0.0 789 00 12
Ys 719 0.0 242 0.4 3.9 14 0.0 0.0 0.0 842 0.0 14
Ybaf 16.7 0.0 445 0.0 27.8 0.0 0.0 0.0 0.0 71.7 00 17
Ybeh 913 56 8.8 12.2 0.0 15.3 0.0 0.0 0.0 66.3 0.0 06
Yyl 67.8 0.0 19.2 4.3 10.3 9.0 0.0 0.0 2.8 829 00 38
Yy2 95.7 22 4.3 9.3 0.0 26.5 0.0 0.0 0.0 619 0.0 02
Is 500 0.0 50.0 0.0 0.0 0.0 0.0 0.0 0.0 1000 0.0 0.0
KH 100. 0.0 0.0 33.8 0.0 3.8 0.0 33.3 0.0 292 0.0 00
CHc 47 00 76.6 0.0 4.2 0.0 21 0.0 125 588 0.0 41
Kb 853 0.0 115 0.0 0.0 0.0 3.4 0.0 0.0 1000 0.0 0.0
K 00 0.0 63.9 0.0 2.8 0.0 33.3 0.0 0.0 1000 00 0.0

phu: start of phenology data collecting (40 days after the start of growth) at the second cultivation year, phz: the second time for phenology data collecting (54 days after the
start of growth) at the second cultivation year, veg: vegetative part (%), budstart: flower bud at the initial growth stage (%), budmed: flower bud at the middle growth stage
(%), budmedad: flower bud at the middle toward advanced growth stage (%), budad: flower bud at the advanced growth stage (%) when they are fully swollen and a little
color of the petals is visible and they are close to the blooming stage, flo: flower (%).
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Figure 4. Changes in ex situ phenological stages percentage in 21 Nepeta kotschyi populations on two dates of

data collection
pha: start of phenology data collecting (40 days after the start of growth) at the second cultivation year, phz: the second time for phenology data collecting (54
days after the start of growth) at the second cultivation year, veg: vegetative part (%), budstart: flower bud at the initial growth stage (%), budmed: flower bud
at the middle growth stage (%), budmedad: flower bud at the middle toward advanced growth stage (%), budad: flower bud at the advanced growth stage (%)
when they are fully swollen and a little color of the petals is visible and they are close to the blooming stage, flo: flower (%).
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Figure 5. Cluster analysis of Nepeta kotschyi populations based on phenological data of two dates (UPGMA,
Jaccard similarity coefficient, Coph. Corr. 0.84)

Bootstrap values (1000 replicates) equal/above 40 are presented at each node.
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Table 5. Genotype groups in 21 Nepeta kotschyi populations derived from cluster analysis based on phenology markers (Ex
situ phenological stages percentage on two dates of data collection)

Population Genotype group
Kb, Is Gl
K G2
Ybeh, Yy2, Yal-2, KH G3
Ys, Ybaf, CHc, Ya3-4, Yt1-2-3-4-5-6, Ym, Yyl G4
‘(Q\ﬁjﬁjlwﬁac\)J,\Aﬂ}p.,\}:}qj%}sbw)j, 425 5 (8 JSW) 2! cLadse a4 4y C’L”
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Table 6. Eigenvalue, variance, and coefficients of the first two eigenvectors resulting from principal component
analysis of Nepeta kotschyi populations based on phenological data at two dates

PC2 PC1 Trait
0.44 0.65 vegphl
0.03 0.03 vegph2
-0.27 -0.46 budstartphl
-0.17 0.23 budstartph2
-0.10 -0.11 budmedphl
-0.12 0.26 budmedph?2
-0.02 -0.10 budmedadphl
-0.33 0.15 budmedadph2
-0.06 -0.04 budadphl
0.74 -0.44 budadph?2
2.60E28 -2.68E% flophl

-0.14 -0.12 floph2
8.13 20.43 Eigenvalue
23.49 59.00 Variance (%)

pha: start of phenology data collecting (40 days after the start of growth) at the second cultivation year, phz: the second time for phenology data collecting (54 days after
the start of growth) at the second cultivation year, veg: vegetative part (%), budstart: flower bud at the initial growth stage (%), budmed: flower bud at the middle growth
stage (%), budmedad: flower bud at the middle toward advanced growth stage (%), budad: flower bud at the advanced growth stage (%) when they are fully swollen and
a little color of the petals is visible and they are close to the blooming stage, flo: flower (%).
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Figure 6. Principal component analysis of Nepeta kotschyi populations based on phenological data of two dates
phu: start of phenology data collecting (40 days after the start of growth) at the second cultivation year, ph:: the second time for phenology data collecting (54
days after the start of growth) at the second cultivation year, veg: vegetative part (%), budstart: flower bud at the initial growth stage (%), budmed: flower bud
at the middle growth stage (%), budmedad: flower bud at the middle toward advanced growth stage (%), budad: flower bud at the advanced growth stage (%)
when they are fully swollen and a little color of the petals is visible and they are close to the blooming stage, flo: flower (%).
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Figure 7. Changes in ex situ flowering start and harvest time stages in 21 Nepeta kotschyi populations
flostart;: date of data collecting (days after transferring the greenhouse seedlings to the farm) = start of flowering at the first year, har: harvesting time (above
75% flowering) (days after transferring the greenhouse seedlings to the farm) at the first cultivation year, harz: harvesting time (above 75% flowering) (days
after the start of growth) at the second cultivation year.
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Figure 8. Changes in ex situ formation and development speed of reproductive parts in 21 Nepeta kotschyi

populations at the second cultivation year
Showing populations differences based on speed of preparation for harvesting flowering branches at above 75% full flowering stage.

The error bars on the columns are based on the standard error (SE).
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Figure 9. Two populations out of 21 studied populations of Nepeta kotschyi with extreme intra-population
diversity (a: population Ybaf and b: population Ya3)
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