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Abstract

To evaluate the effects of chemical fertilizers and biofertilizers on photosynthetic pigments, total antioxidant
capacity, and the activities of selected antioxidant enzymes in black cumin (Nigella sativa L.) under different
irrigation regimes, an experiment was conducted as a split-factorial scheme in a randomized complete block
design at two locations in May 2025. The main plots included three irrigation regimes (100%, 75%, and 50%
of the crop water requirement) and the subplots included the factorial of seven fertilizer treatments, including:
control, basal chemical fertilizer (based on soil analysis), brown seaweeds (Ascophyllum nodosum) + basal
fertilizer, brown seaweeds (Sargassum glaucescens) + basal fertilizer, red seaweed (Gracilaria corticata) +
basal fertilizer, soil application of mycorrhiza + basal fertilizer, and seed inoculation with Biofarm (including
Pseudomons, Azospirillum and Azotobacter bacteria) + basal fertilizer, along with three black cumin ecotypes
(Golestan, Semirom, and Lordegan). The results showed that the mycorrhiza + basal fertilizer treatment under
full irrigation produced the highest content of chlorophyll a, b, and total chlorophyll (0.68, 0.27, and 0.95 mg/g
fresh weight, respectively), and under 50% stress, the highest content of carotenoids (0.17 mg/g fresh weight),
total antioxidants (88%), and catalase, ascorbate peroxidase, and guaiacol peroxidase activities (1.35, 2.5, and
0.6 Unit/mg protein, respectively). Semirom ecotype showed the highest enzyme activity at 50% stress. With
reduced irrigation, the chlorophyll a/b ratio, carotenoid content, antioxidant capacity, and the activity of the
studied enzymes increased, while the content of other pigments decreased. Overall, the Semirom ecotype and
the mycorrhizal treatment combined with basal fertilizer showed more favorable responses in the measured
physiological and antioxidant traits under water-limited conditions.
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Introduction

Black cumin is an annual medicinal and oilseed crop in the family Ranunculaceae. Its seeds contain
valuable compounds, including oil, protein, and fatty acids. Water limitation is one of the most important
factors affecting its growth and physiological functions. Reduced water availability can disrupt plant
metabolism by limiting water and nutrient uptake and altering photosynthetic pigment contents. In
addition, drought stress can increase the production of reactive oxygen species, leading to oxidative stress
and damage to cell membranes and the photosynthetic apparatus. To cope with these conditions, plants
rely on enzymatic and non-enzymatic defense mechanisms. Increased activities of catalase, ascorbate
peroxidase, and guaiacol peroxidase are among their responses to oxidative stress.

In recent years, the use of biological inputs in combination with chemical fertilizers has received
increasing attention as an approach to sustainable nutrient management. Seaweed-derived products
contain nutrients and bioactive compounds that may support plant physiological processes and antioxidant
defenses. Arbuscular mycorrhizal fungi can extend the soil volume explored by roots and improve plant
access to water and nutrients, thereby potentially increasing tolerance to water deficit. Moreover, plant
growth-promoting bacteria may improve plant responses to environmental stress by fixing nitrogen,
increasing nutrient availability, and producing growth-promoting compounds.

Although these biological inputs have been studied individually, information remains limited on how their
combination with chemical fertilizer affects the physiological and antioxidant responses of black cumin
ecotypes under different irrigation regimes. Therefore, this study investigated the effects of fertilizer
treatments and irrigation regimes on photosynthetic pigments, total antioxidant capacity, and selected

antioxidant enzyme activities in three black cumin ecotypes at two locations.

Materials and Methods

The experiment was conducted in May 2025 at two locations, including the research farm of Shahrekord
University and a farm in Faradonbeh, Borujen County, using a split-factorial experiment based on a
randomized complete block design with three replications. The main factor consisted of three irrigation
regimes supplying 100, 75, and 50% of the crop water requirement, while the sub-factor comprised the
factorial combination of seven fertilizer treatments and three black cumin ecotypes (Golestan, Semirom,
and Lordegan). The fertilizer treatments included: control, basal chemical fertilizer (based on soil
analysis), three types of seaweed (Ascophyllum nodosum, Sargassum glaucescens, and Gracilaria
corticata), arbuscular mycorrhizal fungi (Glomus mosseae), and Biofarm biofertilizer containing
Pseudomonas, Azospirillum, and Azotobacter bacteria. Except for the control, all fertilizer treatments were

applied in combination with the basal chemical fertilizer. Chlorophyll a, chlorophyll b, the chlorophyll



The effect of integrated management of chemical and biofertilizers.../ Maryam Zeinali Borujeni et al. 87

a/b ratio, total chlorophyll, carotenoid content, total antioxidant capacity, and the activities of catalase,
ascorbate peroxidase, and guaiacol peroxidase enzymes were measured. Statistical analysis of the data
was performed using SAS software, and means were compared using the LSD test at the 5% probability

level.

Results and Discussion

Reduced irrigation altered the photosynthetic pigment profile and antioxidant defense responses of black
cumin. Under full irrigation, mycorrhiza + basal fertilizer produced the highest chlorophyll a, chlorophyll
b, and total chlorophyll contents, with values of 0.68, 0.27, and 0.95 mg g* FW, respectively. Reducing
irrigation to 50% of crop water requirement increased carotenoid content, total antioxidant capacity, and
antioxidant enzyme activities. Under this condition, the highest carotenoid content, total antioxidant
capacity, and activities of catalase, ascorbate peroxidase, and guaiacol peroxidase were recorded with
mycorrhiza + basal fertilizer, reaching0.17 mg g* FW, 88%, and 1.35, 2.5, and 0.6 Unit mg™ protein,
respectively. The Semirom ecotype exhibited higher activities of the evaluated enzymes under 50%
irrigation, potentially indicating greater antioxidant defense capacity and physiological adaptation to
water limitation. Overall, reduced irrigation increased the chlorophyll a/b ratio, carotenoid content, total
antioxidant capacity, and antioxidant enzyme activities, while decreasing the contents of the other

photosynthetic pigments.

Conclusion

The results showed that the responses of black cumin to water limitation were influenced by both ecotype
and fertilizer treatment. Water deficit altered photosynthetic pigment contents and antioxidant enzyme
activities, while the mycorrhizal treatment combined with basal fertilizer was associated with more
favorable responses in the measured traits. The Semirom ecotype exhibited higher activities of the
evaluated antioxidant enzymes under water-limited conditions, suggesting variation among ecotypes in
their antioxidant responses. These findings suggest that combining appropriate fertilizer management with

ecotype selection may improve the physiological response of black cumin to water deficit.
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Table 2- Meteorological data related to average temperature and average monthly evaporation, from May to September 2025 (black
cumin growing period) in the two study locations (Chaharmahal and Bakhtiari Province Meteorological Organization)

Title Location May June July August September
Shahrekord 16.5 19.8 24.8 23.6 20.1
Average monthly temperature (°C)
Faradonbeh 17.5 20.1 25.2 23.2 20.6
Shahrekord 9 11.6 12.3 10.9 9.5
Average monthly evaporation (mm)
Faradonbeh 8.7 111 12.3 12.1 10.3
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Table 3- Variance analysis of the effect of different levels of irrigation and biofertilizer on photosynthetic pigments, total antioxidant
content and the activity of some antioxidant enzymes in three Nigella sativa ecotypes at two locations

Mean Squares

Sources Df Ch-a Ch-b Ch-a/b Ch- at+b Cars’ DPPH CAT APX GPX
Location (L) 1 0.002™ 0.0014" 0.09" 0.0067"™ 0.00009" 0.004"™ 0.02™ 0.058™ 0.0038™
Error (1) 4 0.0018 0.00044 0.45 0.0012 0.00012 30.9 0.023 0.153 0.00047
Irrigation (I) 2 1.48™ 0.35™ 10.1" 3.27" 0.088™ 42283.8™ 14.12™ 68.6™ 4.76™
Lxl 2 0000017% 000001  0.0075™ 0.00004" 0.00000001™ 62.0" 0.0008™ 00012  0.0001™
Error (2) 8 0.00046 0.00093 0.53 0.0003 0.000083 34.43 0.018 0.031 0.0046
Fertilizer (F) 6 0.086™ 0.021™ 0.68" 0.19™ 0.0054™ 1522.9™ 1.617 6.79™ 0.34™
LxF 6 0.000084" 0.000052" 0.0033" 0.00026" 0.000003"™ 0.51"™ 0.0001"™ 0.00064" 0.00013"
I xF 12 0.01™ 0.0019™ 0.06™ 0.021™ 0.00053" 159™ 0.077" 0.55™ 0.018™
LxIxF 12 0.000012" 0.000007" 0.0021" 0.00003" 0.0000013" 0.65™ 0.000036" 0.00054" 0.00007"
Ecotype (E) 2 0.019™ 0.0043™ 0.12" 0.042™ 0.0012" 301.86™ 0.42™ 1.28™ 0.05™
LxE 2 0.0000006" 0.0000007" 0.00084" 0.00000004" 0.00000012" 0.29™ 0.000067" 0.00033" 0.00004"
IxE 4 0.0025™ 0.00061" 0.012"™ 0.006" 0.00014" 26.82™ 0.04" 0.09" 0.0038"
LxIxE 4 0.000005" 0.0000054" 0.0011" 0.000007" 0.0000003" 0.23™ 0.000045" 0.0002" 0.00005"™
FxE 12 0.00088"™ 0.0002"™ 0.005™ 0.002"™ 0.00004" 3.26™ 0.01"™ 0.031™ 0.0014"
LxFxE 12 0.00001" 0.000002" 0.001™ 0.000013" 0.0000002" 0.25™ 0.000025" 0.0001" 0.000008"™
IXFxE 24 0.00083"™ 0.00014" 0.0015" 0.0016"™ 0.00005" 2.58™ 0.003™ 0.006™ 0.0009™
LxIxFxE 24 0.000006" 0.000002" 0.0015™ 0.000008" 0.00000016™ 0.19™ 0.00002" 0.00014" 0.000018"
Error 240 0.0016 0.00054 0.28 0.0018 0.00025 41.8 0.012 0.033 0.0015
CV (%) 8.4 136 18 6.42 11.34 9.42 12.75 11.73 13.27
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Figure 1- Mean Comparison of the interaction effect of fertilizer treatments and different irrigation regimes on chlorophyll a and
chlorophyll b content in black cumin. No fertilizer (Ctrl), basal fertilizer (P), red algae Gracilaria corticata (G), brown algae Sargassum
glaucescens (S), brown algae Ascophyllum nodosum (A), Biofarm (B), and Arbuscular mycorrhiza fertilizer (M)

Columns that have at least one letter in common are not significantly different from each other based on the LSD test at the 5%
probability level.

alaaln 53 s 555,18 5D 35 IS @ IS5 IS (sl gy o ST 31 o Siln gl —F st
Table 4- Mean comparison of the effect of ecotype on chlorophyll a, chlorophyll b content, and carotenoids (Cars) in black cumin

Chl-a Chl-b Cars
Ecotypes
(mg g™' FW) (mg g' FW) (mg g™t FW)
Semirom 0.492 0.182 0.1432
Lordegan 0.48? 0.172 0.1422
Golestan 0.47° 0.16° 0.137°

51 5l e B o by o 53 8 Jlaz o 53 LSD g0 5T bl kit &5 e U 0S5 (115 il 457 (sla o Sike ¢ gt a3
In each column, the means that have at least one letter in common are not significantly different from each other based on the LSD test at the 5%

probability level.
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Figure 3- Mean comparison of the effect of Fertilizer on the
chlorophyll a/b ratio in black cumin
No fertilizer (Ctrl), basal fertilizer (P), red algae Gracilaria
corticata (G), brown algae Sargassum glaucescens (S), brown
algae Ascophyllum nodosum (A), Biofarm (B), and Arbuscular
mycorrhiza fertilizer (M)
Columns that have at least one letter in common are not
significantly different from each other based on the LSD test
at the 5% probability level.
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Figure Y- Mean comparison of the effect of irrigation on the

chlorophyll a/b ratio in black cumin

Columns that have at least one letter in common are not
significantly different from each other based on the LSD test
at the 5% probability level.
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Figure ¥- Mean Comparison of the interaction effect of fertilizer treatments and different irrigation regimes on chlorophyll a +b content

in black cumin

No fertilizer (Ctrl), basal fertilizer (P), red algae Gracilaria corticata (G), brown algae Sargassum glaucescens (S), brown algae
Ascophyllum nodosum (A), Biofarm (B), and Arbuscular mycorrhiza fertilizer (M)
Columns that have at least one letter in common are not significantly different from each other based on the LSD test at the 5%

probability level.
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Figure »- Mean comparison of the effect of irrigation interaction in ecotype on chlorophyll a+b content in black cumin

Columns that have at least one letter in common are not significantly different from each other based on the LSD test at the 5%

probability level.
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Figure 6- Mean comparison of the interaction effect of fertilizer treatments and different irrigation regimes on carotenoids (Cars)

content in black cumin

No fertilizer (Ctrl), basal fertilizer (P), red algae Gracilaria corticata (G), brown algae Sargassum glaucescens (S), brown algae
Ascophyllum nodosum (A), Biofarm (B), and Arbuscular mycorrhiza fertilizer (M) .Columns that have at least one letter in common

are not significantly different from each other based on the LSD test at the 5% probability level.
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Figure 7- Mean comparison of the interaction effect of fertilizer treatments and different irrigation regimes on total antioxidants in

black cumin

No fertilizer (Ctrl), basal fertilizer (P), red algae Gracilaria corticata (G), brown algae Sargassum glaucescens (S), brown algae
Ascophyllum nodosum (A), Biofarm (B), and Arbuscular mycorrhiza fertilizer (M) .Columns that have at least one letter in common

are not significantly different from each other based on the LSD test at the 5% probability level.
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Figure 8- Mean comparison of the effect of ecotype on total

antioxidants in black cumin

Columns that have at least one letter in common are not

significantly different from each other based on the LSD test

at the 5% probability level.
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Table 5- Mean comparison of the interaction effect of different irrigation regimes and ecotype on the activity of some antioxidant

enzymes in black cumin

Irrigation Ievels. Ecotype ' CﬁT _ _ AE’IX _ _ GE’lX _
(percentage of water requirement) (Unit mg™ Protein) (Unit mg™ Protein) (Unit mg™* Protein)
Semirom 0.58¢ 0.95¢ 0.13¢
100 Lordegan 0.56¢ 0.89¢ 0.12¢
Golestan 0.42f 0.7f 0.087°
Semirom 0.91¢ 1.6° 0.28¢
75 Lordegan 0.89¢ 1.55¢ 0.27¢«
Golestan 0.8¢ 1.36¢ 0.26¢
Semirom 1.21° 2.362 0.522
50 Lordegan 1.2% 2.34@ 0.512
Golestan 1.16° 2.27° 0.46°

.J)‘&d)\}@&ngbw‘rhl{.&p)}a db..:;-lcle.ﬂ);LSD 03051 olol ez 57 2k qf&‘;\,ud;lbﬁéuwisp‘opf);
In each column, the means that have at least one letter in common are not significantly different from each other based on the LSD test

at the 5% probability level.
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Figure 9- Mean comparison of the interaction effect of fertilizer treatments and different irrigation regimes on the activity of catalase

(CAT) enzyme in black cumin

No fertilizer (Ctrl), basal fertilizer (P), red algae Gracilaria corticata (G), brown algae Sargassum glaucescens (S), brown algae
Ascophyllum nodosum (A), Biofarm (B), and Arbuscular mycorrhiza fertilizer (M). Columns that have at least one letter in common
are not significantly different from each other based on the LSD test at the 5% probability level.



V-7 OSan 5 s 5 oo /ol T e (sla )l S (w5 5 (loas (slan S (il &y e 3T

23 S5 el 0oy ey s CO2 ol alS
H202 a5 il 3l o &5 Sl ol on Lacwdly g IS
o 4wl s laenl 5 0 5T OSSOl siea VB 08
I, H202 cLaC,)'u.Slﬂ. ,3(heme-containing enzyme)
s o 515 A8 r 52 058 5 T & Ledits
S CAT Sl ool 31 ST o 6,8 g O (o
St san L= 9 H2O @2 S s Solwdlad
slaz b (Gill & Tuteja, 2010) Csl J shos 55 oS 95,
oS o DL pend GRIB Gb I oSl
O gelanS 1y 22l 5 OISl 5T Gl 5T 5 (6 o
i - GRSt P S bSO UK V- PPN W

(Naseem & Bano, 2014) xas alS 1y oToS

(APX) 3‘M‘)§¢’h)§£~ﬁ n:“)‘ST cdlzd

35S kT sl ol SIS sl 0l s
Vbl w53 58 X LT ST 5 ST
gl 53 G ST LT Sy e 5 Lo
AT S Ol ey 0 Jled
R PR R PV PSR NV o JICH PR O |
(S A5 Sdd il 1L 4S5l 0L b ke duy lie
Sl mn ysba Gl |yl ST o 5T ol 0150
Aty YIO) BT Cdlab Oljee op tie o Z3L Rl
S 53 (s pfg\:‘ A el e wpT sl
S A3 0 el Ll s 55 4l 38 Lol en 1) SSb
Aty /YF) OT Sldie op S 5 b edslie ol T
Sles 4 by (055 05 e 2 G131 4 5T b
23 OT 3l g 252 25 BB Loyl 55 (5557 05e) sl
Sloggs Sl sl o5 bl b salS
Gracilaria ;5 ¢Sl> Ascophyllum nodosum
Sargassum (slosgs S 5 by ccOMticata
(S aal 58 5 5,8 s al 5 S ol aa glaucescens
(Ve JSK8) s 5415 g slaas ) o

O30 3 Sl i1 E 5 T S8 Slaptenm
Ll oSS Jases gla 25 Co ROS UL 5 &l 1
YOS Wl el bl
23 36 535 0536 48 5 515 STyl ST
35S ST b okt JWROS gl 0t
Al 5 e 3T, sOIMLST ST Sl s J3ld 4 1,
a5 D6 () (b Calisee OLS 5y bads 955,
0> liblos 2B () ST sl 5 bl T
(Kong et al., 2023) x,ls ROS Wy I S s
S 25 daul a3 SYBS 0 5T Sl Ol Sl
(Capsicum annumn L) Jab s LS s
(Spinacia o «Allugmani & Alabdallah, 2023)
4aS 5 (Alotaibi et al., 2023) oleracea L.)
U5 55 Qahed et al., 2023) (Cucurbita pepo L.)
Bazi Zlanetal. ol jiags sl b Gllas ol o
(Scrophularia g3 8 s, » sy 53 (2022)
nss 55 (2026) Tohidi et al. ioees s striata L.)
S %5, 5,18 Teucrium polium L.o, o lS™ 55, »
s YT 3T Sl IR e (S RS
23T Sl Olee o1 X o ST A s ieas
osby Cardy b S e ST &S sl 0lss SYBI
8 o] el 4> b ine 33 (Sl w3
T 30 ol Comi o s 55T i gy oy
05 ko a3l ar o 5T b 5 VYY) G niy colS”
S JolS ST a0 Ol 5T 5 (55 5
(o3, pfdp A Sl e 5T cl asls /FY)
Gb 0 Jpir) 05 Sy [ VB 0 5T Cl O e
s 55 55 YU e 45T ol ol 31 Laassly
B rn 33 558 3 B ¢ g 5kl T (ST 4 pslin
S Sl Cllae ol o diasOlis oS el oo il 31 T 25
TUNC-) L5LROS 4 a5 el & Ll 5 g0 cods ity o

L Ses 25 Kos g Sl (Ozdemir et al., 2009



VD pitia 5 Coad glo 6ol adons Jlo ¢ aLS 2 ple

OCtrl mP BG+P LOS+P OA+P EB+P mM+P

APX (Unit mg Protein)
o L N
O O = 01N O W

75 100
Different irrigation regimes (percentage of water requirement)

Sldaban 535Sy ST 5T e (6olT Caltien (sl 55 5355 slaslad (258 0 o Sike amlio =) o IS
«(A) Ascophyllum nodosum (sle 53 ¢S ((S) Sargassum glaucescens (slo s¢5 <l (G) Gracilaria corticata e 3 ¢Sl «(P) a4l 558 (Ctrl) 555 &5

O on b s )3 0 el pebans 53 LSD 03037 bl cizan 57 e O3 0 655 (g1l il 87 (o la0 g (M) LY Sl T 1 55800 5557 5(B) ¢k s

-\a)‘u\a 6)‘3&\’.#

Figure 10- Mean comparison of the interaction effect of fertilizer treatments and different irrigation regimes on the activity of ascorbate

peroxidase (APX) enzyme in black cumin

No fertilizer (Ctrl), basal fertilizer (P), red algae Gracilaria corticata (G), brown algae Sargassum glaucescens (S), brown algae
Ascophyllum nodosum (A), Biofarm (B), and Arbuscular mycorrhiza fertilizer (M). Columns that have at least one letter in common
are not significantly different from each other based on the LSD test at the 5% probability level.
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Figure 11- Mean comparison of the interaction effect of fertilizer treatments and different irrigation regimes on the activity of guaiacol

peroxidase (GPX) enzyme in black cumin

No fertilizer (Ctrl), basal fertilizer (P), red algae Gracilaria corticata (G), brown algae Sargassum glaucescens (S), brown algae
Ascophyllum nodosum (A), Biofarm (B), and Arbuscular mycorrhiza fertilizer (M). Columns that have at least one letter in common
are not significantly different from each other based on the LSD test at the 5% probability level.
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