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Both the primary and secondary metabolisms of higher plants are influenced by environ-
mental conditions. Peganum harmala L. synthesise amazing diversity of secondary metabol-
ites, such as alkaloids, volatile oils, triterpenes or sterols. We have no detailed information
on genetic chemical contents and particularly the fatty acid contents of this plant species in
Iran. Therefore, population-based fatty acid and alkaloid analyses were conducted in four
geographical populations. Seeds fatty acid analysis revealed linoleic acid, oleic acid and
palmitic acid were the main components in seeds oil. The highest fatty acid component
was the linoleic acid in both mature and premature seeds of four studied populations. Low
levels of 18:3/18:2 ratio in mature seeds (< 0.01) in comparison to premature seeds (> 0.04)
were found. Grouping of the populations by WARD clustering, separated mature seeds
from premature seeds. CCA plot of P. harmala populations based on fatty acid contents,
revealing the influence of geographical features on population differentiation. The main
alkaloid contents in premature and mature seeds were harmine and harmaline. PCoA
plots of the studied populations based on alkaloid contents for both premature and mature
seeds separated the populations from each other.
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INTRODUCTION

Peganum harmala L., a perennial herbaceous plant, is widely distribut-
ed in the landscape of steppe, semidesert, and desert territories in southern
Europe, northern Africa, and southwestern Asia. It forms many local geo-
graphical populations in Iran. It is extensively used in the Iranian traditional
medicine, due to the antimicrobial compounds found in its seeds and roots
(El-Bakatoushi and Aseel Ahmed 2018, Goudarzi and Azimi 2016).

Plant secondary metabolites provide the plant with specific adaptations
to changing environmental conditions and, therefore, they are an important
part of plant defence system against pathogenic attacks and environmen-
tal stresses. In addition, some plants made use of secondary metabolites as
signals for communication between plants and symbiotic microorganisms,
as well as served to attract pollinators and seed dispersers (Rasmussen et al.
2012, Yang et al. 2018).
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Various genetic, ontogenic, morphogenetic and environmental factors can
influence the biosynthesis and accumulation of primary and secondary meta-
bolites. Metabolomics is an interesting approach that has been used in the plant
sciences, especially in ecological studies, in investigating the effects of environ-
mental factors on plant metabolism (Riedl et al. 2012, Veldhoen et al. 2012). One
of the most useful terms is the recently introduced term ‘Ecological metabo-
lomics’, which was first defined by Macel et al. (2010) and refers to the applica-
tion of metabolomics to ecological issues. Metabolomic profile data have been
utilised to compare different species from the same family, or individuals from
populations from the same species growing under different environmental con-
ditions, or changes in metabolite production of individuals within the same
population at different seasons (Jones et al. 2013). Investigations that aim to
characterise plants at the biochemical level, allow a search for underlying genes
and associations with higher level complex traits, such as yield and nutritional
value. Efficient and reliable methods to characterise metabolic variation in eco-
nomically important species are considered of high value to the evaluation and
prioritisation of germplasm and breeding lines (Cao et al. 2017).

In spite of the medicinal importance of Peganum harmala L. in Iran, we
have no detailed information on genetic—chemical contents and particularly
the fatty acid contents of this plant species in the country. Therefore, popu-
lation-based alkaloid and fatty acid content analyses were conducted in four
geographical populations of this valuable plant by using HPLC and GC-Mass
gas chromatography, in both matured versus premature seeds.

MATERIAL AND METHODS

Plant materials

Plant seeds were randomly collected in four localities within the North Khorasan
province of Iran. Geographical details of the studied Peganum harmala L. (var. harmala)
populations are provided in Table 1. The seeds were ground by a domestic coffee grinder
just before extraction.

Fatty acid analyses

Extraction and methylation — Soxhlet n-hexane-dichloromethane extraction was car-
ried in triplicate for 5 g of ground seed of P. harmala by 160 ml of n-hexane-dichloromethane
for 8 h. A rotary evaporator was used for the efficient removal of solvent from samples
by evaporation at 60 °C. The extracts were stored in glass jars in the deep freezer (-20 °C)
pending for further analysis.

The extract samples were methylated by KOH-MeOH methylation according to the
method of Kramer et al. (1997). 20 uL of seed oil was placed into 10 mL centrifugal tubes to
which 2 mL of KOH-MeOH solution (0.5 M) and 7 ml n-hexane was added. The mixture
was heated at 60 °C for 45 min. The extracts were used for GC analysis.
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Geographical features of the s;ﬁfllieezi Peganum harmala populations
No. Population Latitude Longitude  Altitude (m) Soil EC
1 Salehabad 35°16’ 53"  61° 66 32”7 739 1.26
2 Fariman 36° 16" 26” 59°99" 77" 1,066 5.15
3 Hosseinabad ~ 36° 35" 35” 59° 76" 40” 950 6.62
4 Ferdosi 34° 49" 06” 59° 53" 26” 1,025 5.85
GC/MS analyses

GC/MS were carried out using a Trace DSQ GC System (Thermo Finnigan) equipped
with a DB-5 capillary column (30 m, 0.25 um x 0.25 pm) with a mass spectrometer, ope-
rated in electron-impact ionisation mode (70 eV). GC/MS analyses were carried out in split
mode (split ratio 1:25), using helium as the carrier gas (1 mL/min flow rate). The injector
temperature was fixed at 250 °C. The sample volume injected was 1 puL. Oven temperature
was held at 50 °C for 2 min and then programmed at 7 °C/min to a final temperature of
250 °C, where it was maintained for 15 min.

Alkaloid analyses

Extraction and sample preparation — According to the literature (Kartal et al. 2003),
dried seeds of Syrian rue (1 g) were ground and macerated three times with 25 mL metha-
nol for 1 h. The extract was then filtered and evaporated in a rotary evaporator under
vacuum at a temperature of 45 °C. The residue was then treated with 25 mL hydrochloric
acid solution (2% v/v), filtered and extracted three times with 10 mL petroleum ether to
remove colorant impurities. The aqueous acid layer was then basified with ammonia to
reach pH 10 and extracted three times with 25 mL chloroform. The organic solvent was
then evaporated. The obtained residue was dissolved in 10 mL methanol and then filtered
through a 0.45 um polypropylene filter. A 20 uL aliquot was injected onto HPLC column.

HPLC analyses — HPLC analyses were performed using Agilent—infinit II equipped
with a UV absorbance detector to detect Cyclomaltooctadecaose (CD18), cyclic oligosac-
charides composed of 18 D-glucose units. The mobile phase consisted of potassium phos-
phate buffer (10 mM, pH 7) and acetonitrile (50:50 v/v) with a flow rate of 1.5 mL/min at
room temperature (25 °C). The eluents were monitored at 330 nm. All the calculations
concerning the quantitative analysis were performed with external standardisation by
measurement of peak areas.

Individual stock solutions of harmine, harmaline and harmane (Sigma, USA) were pre-
pared at four concentrations of 100-1000 pig/ml in methanol and used to draw a standard curve.

Data analyses

Comparison between groups was made by one-way ANOVA, followed by Dun-
can test (p < 0.05). Grouping of the populations based on chemical contents was done by
WARD clustering. The Mantel test between geographical features and chemical contents
as well as CCA plot of the studied populations based on chemical contents of the studied
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populations were performed (Podani 2000). Grouping of the populations based on alkaloid
contents was done by PCoA plots. PAST version 2.17 was used for multivariate analysis.

RESULTS
Fatty acid analyses

Twelve fatty acid components were determined in each population. Li-
noleic acid, oleic acid and palmitic acid were the main components in seed oil.
The highest fatty acid component was the linoleic acid in both mature and pre-
mature seeds of four studied populations. The percentages of linoleic acid and
oleic acid in mature seeds were significantly (p <0.05) more than the premature
seeds, while the contents of palmitic acid and linolenic acid are more in pre-
mature seeds, in comparison of mature seeds. Among the defined fatty acids,
stearic acid did not show significant differences in all studied samples (Table 2).

We also found low levels of laurinate (12:0) (< 0.1%), in seeds. This is
a very rare fatty acid component in the plant seed lipids. Other fatty acids
identified included myrisitic acid, myristoleic acid, palmitoleic acid, marga-
ric acid, arachidic acid, behenic acid. Palmitoleic acids were lower in mature
seeds than premature seeds (Table 3).

In all studied populations, maturation of seeds induces an important de-
crease in the content of palmitic acid and increase the oleic acid and linoleic
content. We also found low levels of 18:3/18:2 ratio in mature seeds (< 0.01) in
compare to premature seed (> 0.04).

In the premature and matured seeds of all studied populations, the
amounts of total saturated fatty acids were lower than total unsaturated fatty
acids. Grouping of the populations by WARD clustering, based on major fatty
acids contents (Fig. 1), sepa-
rated mature seeds from
244112143332113343122244 premature seeds when each

Mature seed Premature seed

75k Lﬂl:};,k—-r‘ of these two major clusters,
' the studied populations, was
15.01 . .

placed intermixed. There-

. 22.5F fore, the fatty acid contents of

¢ 3001 the mature seeds versus pre-

23751 mature seeds are different in

45.01 quantity, but the populations

52.5F studied cannot be differenti-
60.0+ ated on these accounts.

Fig. 1. WARD clustering based on fatty acid contents Howevgr, CCA PIOt
in Peganum harmala populations. 14 are four popula- Of the studied populations
tions based on Table 1 (Fig. 2), based on fatty acid
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Table 4
Alkaloid contents in premature and mature seeds of Peganum harmala populations. Data
are means of three replicates with standard errors (mean+SE). Different letters indicate
significant differences between treatments (P < 0.05)

Seed Population Harmaline Harmine Harman

Premature  Salehabad 39.58+9.56(bc) 68.28+22.63(bc) 16.92+4.719(bc)
Fariman 94.74+34.79(ab) 111.71+28.74(b) 21.14+6.28(ab)
Hosseinabad ~ 28.87+2.633(bc) 82.24+1.96(bc)  18.267+3.77(bc)
Ferdosi 18.4622.99(c) 37.0124.75(c) 4.467+0.41(c)

Mature Salehabad 124.78+35.53(a) 89.52+13.24(bc) 10.87+2.614(bc)
Fariman 59.14+18.26(bc) 110.89+32.047(b) 11.83+5.267(bc)
Hosseinabad 133.17+17.10(a) 181.43+6.35(a) 32.23+6.61(a)
Ferdosi 17.74+2.63(c) 49.29+12.49(c) 9.97+0.75(bc)

contents, separated population 1 (Salehabad) from the other populations un-
der the influence of longitude. The rest of populations were grouped closer to
each other, under effect of latitude and altitude.

Alkaloid analyses

Details of alkaloid contents in the studied populations are provided in
Table 4. The highest value for harmaline, harmine, and harman alkaloids in the
mature seeds occurred in population Hosseinabad, while the highest value for
the same parameters in pre-
mature seeds was observed
in populations Fariman, and
Hosseinabad,  respectively.
Mature and premature seeds
of Ferdosi population had the
minimum levels of these alka-
loids (Table 4).

ANOVA produced sig-
nificant differences for alka-
loid contents among the stud-
ied populations. Therefore, P.
harmala populations can pro-
duce different quantities of
alkaloids, too.

PCoA plots of the stud-
ied populations based on al-
kaloid contents for both pre-

I S S R

Fig. 2. CCA plot of Peganum harmala L. populations

based on fatty acid contents, revealing the influence

of geographical features on population differentia-
tion. 1-4 are four populations based on Table 1
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Fig. 3. PCoA plot of the studied Peganum harmala populations based on alkaloid contents in
premature seeds (A) and mature seeds (B). Pops 1-4 are four populations based on Table 1

mature and mature seeds (Fig. 3) separated the populations from each other.
In cases of premature seeds and mature seeds, the populations Salehabad
(Pop 1) and Hosseinabad (Pop 3) are placed far from the other studied popu-
lations and far from each other. This indicates that these two populations dif-
fer greatly in the alkaloids of their premature and mature seeds (Fig. 3).

The Mantel test performed between chemical contents and genetic data of
the same populations by using SRAP molecular markers (unpublished data)
also did not produce significant associations. But these populations were also
separated based on molecular data (unpublished data). Therefore, the studied
P. harmala populations are differentiated based on biochemical content as well
as genetic structure.

DISCUSSION

Both omega-3 (linolenic acid) and omega-6 (oleic acid) fatty acids are
important components of cell membranes. Wastes from processing medicinal
plants are cheap sources of such compounds. The oil content of the harmal
seeds can be considered as good source for lipids.

In this study saturated fatty acids (SFA - 12:0, 14:0, 16:0, 17:0, 18:0, 20:0,
22:0) and unsaturated fatty acids (USFA - 14:1, 16:1, 18:1, 18:2, 18:3) were de-
fined in immature and mature seeds. Total content of USFA was more than
SFA in all the studied seeds. It can be said that fatty acid amounts of P. harmala
in general were similar in point of both SFA and USFA. In the same way, oleic
acid, linoleic and palmitic acids were the main components in seed oil. This
phenomenon was reported by other researchers (Bagci et al. 2001). Similar
investigation on P. harmala reported the occurrence of palmitic acid as the
most abundant compound in the essential oils of P. harmala (Almaghrabi and
Moussa 2016, Li et al. 2018).
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Results revealed that premature versus matured seeds in P. harmala dif-
fered in fatty acid contents. A similar situation has been noticed in the other
plant species (Peiretti et al. 2004, Ozcan 2013). Investigation on developing
fruit of Pistacia lentiscus L. showed changing profile of fatty acids during
maturation, which had been marked mainly by an increase in oleic acid con-
tent paralleling a decrease in linoleic acid content (Trabelsi ef al. 2012).

It is reported that the fatty acid composition and the ratio of (18:3/18:2)
can serve as taxonomic markers in some family members (Albishri et al. 2013,
Marin et al. 1991). In this study the ratio of 18:3/18:2 fatty acid components
was found lower in premature seeds than mature ones, but no significant dif-
ference was found in this ratio between the mature or premature seeds of
different populations.

CCA plot of the studied populations, based on fatty acid contents, sepa-
rated population 1 (Salehabad) from the other populations under the influ-
ence of longitude. The rest of the populations was grouped closer to each
other, under the effect of longitude and altitude.

Variation in fatty acid quantities was also reported from different geo-
graphical areas in various plant species, such as Quercus (Ozcan 2007). One of
the possible reasons might be the climatic conditions prevailing in local popu-
lations (Carvalho et al. 2006). However, in the Lamarque and Guzman (1997)
study on Prosopis chilensis it was stated that fatty acids had no significant cor-
relation with geographic parameters analysed, some unsaturated fatty acids
correlated significantly with altitude and the variability observed might indi-
cate that there is sufficient intraspecific difference to permit improvement by
selection and breeding.

Genetic diversity may also be associated with fatty acid content diffe-
rence as also indicated in Echium species (Guil-Guerrero et al. 2001). However,
the present investigation did not reveal association between SRAP molecular
markers and fatty acid contents of the studied P. harmala populations.

The most abundant alkaloids in premature and mature seeds were
hamine and harmaline. This result was in accordance with many researches
(Herraiz et al. 2010, Moloudizargari et al. 2013, Shao et al. 2013).

Results showed that the studied populations produce different quanti-
ties of alkaloids. PCoA plots of the studied populations based on alkaloid
contents for both premature and mature seeds revealed that the populations
Salehabad and Hosseinabad are placed far from the other studied popula-
tions and far from each other. We found the soils EC of these regions are dif-
ferent. Although the prediction of the effect of each environmental condition
on the synthesis of secondary metabolites is difficult because the environmen-
tal factors do not seem to exert a constant effect on the entire metabolism of
the plant (Gargallo-Garriga et al. 2014, Sampaio 2016, Yang et al. 2018), so each
respective plant part responds differently to changes in environmental con-
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ditions (such as soil/sediment organic matter content, pH and temperature)
(Kumar and Kumari 2018).

Alkaloid variation has also been reported in populations of plant species,
like white lupin (Lupinus albus L.) (Kamel et al. 2016, Kroc et al. 2017), Senecio
jacobaea (Stastny et al. 2005, Willis et al. 2000). The discovery of biochemical
content variation among the plant populations offers opportunities to probe
into the genetic basis of the variation, and provides a valuable resource to gain
insight into biochemical functions and to relate its variation with higher level
traits in the species (Fernie and Klee 2011, Swiecicki et al. 2015).

CONCLUSIONS

Fatty acid content depends on seed maturity stages. The comparison of
the results obtained from the analysis of alkaloids revealed that the immature
and mature seeds of four populations did not show similar differences from
the viewpoint of quantity and quality of alkaloids. The populations based on
alkaloid and fatty acid contents for both premature and mature seeds sepa-
rated from each other. We found the quality and quantity of fatty acid and
alkaloid content is partly related to geographical features of the studied popu-
lations and may be under the influence of genetic differentiation.
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