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Abstract

To study the effects of mycorrhiza and selenium on the trend of changes of chlorophyll
fluorescence components and some physiological and biochemical traits of rye under cadmium
stress, a factorial experiment was conducted based on a randomized complete block design with
three replications at the research greenhouse of the Faculty of Agriculture and Natural Resources,
University of Mohaghegh Ardabili, during 2024. Experimental factors included cadmium
application at three levels (without cadmium as control, 5 and 10 mg Cd kg soil form cadmium
chloride), mycorrhizal application at two levels (without and with application of Glomus mosseae),
and selenium foliar application at four levels of (foliar application with water as control, foliar
application of 1.5, 3 and 4.5 mg L' from sodium selenate). The results showed that the highest
cadmium level (application of 10 mged.kg soil) and both application of mycorrhiza and 4.5 mg.L"!
selenium increased the chlorophyll index (57.7%), nitrogen index (38%), maximum fluorescence
(33%), variable fluorescence (61.7%), and quantum yield (33.3%) in comparison with no
application of mycorrhiza and selenium under the same level from cadmium. Both applications of
mycorrhiza and 4.5 mg L-1 selenium decreased minimum fluorescence and leaf electrical
conductivity by about 30.8% and 33.5%, respectively, compared with no application of mycorrhiza
or selenium at the same cadmium level. Also, the highest soluble protein content (0.655 mg.g!
FW) and grain yield (2 g per plant) were obtained with a 4.5 mg L' selenium foliar application
without cadmium application. Based on the findings, this study indicates that applying mycorrhiza
and selenium can increase rye growth and grain yield and mitigate the adverse effects of cadmium
stress, primarily by improving chlorophyll fluorescence.
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Introduction

Rye (Secale cereale L.) is a diploid cereal from the Poaceae family. It can act as a soil improver, as its
extensive root system binds erosion-prone soil. Rye has a balanced amino acid composition and a rich
content of carbohydrates, gluten protein, B vitamins, potassium, and prebiotic compounds (Torbica et al.,
2021). As with other crops, rye growth and productivity are affected by environmental stresses, including
water deficit, salinity, and heavy metal contamination. Among heavy metal ants, cadmium (Cd) is one of the
most important environmental stressors; even at low concentrations. It can severely damage plants by
reducing chlorophyll synthesis, inhibiting electron transport in photosystem II, and restricting growth and
grain yield. Several strategies have been developed to reduce the toxic effects of cadmium on plant growth.
Among them, the use of arbuscular mycorrhizal fungi (AMF) is a biological approach to mitigate the adverse
effects of heavy metals (Asgher et al., 2023). These fungi form symbiotic associations with plant roots,
enhancing nutrient and water uptake, and secrete compounds such as glomalin, which reduce cadmium
bioavailability in the soil and improve the plant’s photosynthetic performance. Also, application of trace
elements, such as selenium (Se), can increase the activity of antioxidant enzymes, enhance plant resistance to
cadmium, and modulate heavy metal accumulation in plant organs. Selenium application not only
significantly affects growth and photosynthetic traits but also plays an essential role in human nutrition.

Considering the adverse effects of cadmium and the mitigating roles of mycorrhizal and selenium
applications, the present study aimed to investigate the interactive effects of mycorrhizal and selenium on
grain yield, chlorophyll content, chlorophyll fluorescence parameters, and leaf electrical conductivity of rye
under cadmium stress.

Materials and Methods

An experimental factorial design was conducted in a randomized complete block design with three
replications in the research greenhouse of the Faculty of Agriculture and Natural Resources, University of
Mohaghegh Ardabili, in 2024. Experimental factors included cadmium application at three levels (without
Cd as control, 5 and 10 mg Cd kg soil form cadmium nitrate), mycorrhizal application at two levels (without
and with application of Glomus mosseae), and selenium foliar application at four levels of (foliar application
with water as control, foliar application of 1.5, 3 and 4.5 mg/L from sodium selenate). To contaminate the
soil, calculated amounts of Cd nitrate were dissolved in distilled water and sprayed uniformly onto the soil,
which was then sieved and mixed multiple times to ensure even distribution. Soils were incubated for two
months at 24 + 4°C and 60-65% field capacity. After preparation, 14 kg of soil were transferred to pots, and
local Ardabil rye seeds were sown after a 12-day vernalization at 2°C. Mycorrhizal fungi were purchased
from the Zist Fanavar Turan institute, and Shimiya Azmoon Company prepared selenium.

Pots were maintained under greenhouse conditions at 20-30°C, 15—-16 h photoperiod, and 60 + 5% relative
humidity. Chlorophyll fluorescence measurements have become a widely used method for studying the
functioning of the photosynthetic apparatus and a powerful tool for studying the plant's response to
environmental stress. In this regard, chlorophyll content, leaf electrical conductivity, chlorophyll
fluorescence parameters (Fv, Fm, FO, F,/Fm), and quantum yield were measured every 4 days from the
booting stage to flowering. Leaf nitrogen index, soluble protein content, and grain yield per plant were also
determined. Data were analyzed using SAS v9.4, and means were compared using LSD at the 5%
significance level.

Results and Discussion
The results showed that the highest cadmium level (application of 10 mged.kg soil) and both application of
mycorrhiza and 4.5 mg/L selenium increased the chlorophyll index (57.7%), nitrogen index (38%),

maximum fluorescence (33%), variable fluorescence (61.7%), and quantum yield (33.3%) in comparison
with no application of mycorrhiza and selenium under the same level from cadmium. But, both application
of mycorrhiza and 4.5 mg/L selenium decreased minimum fluorescence and leaf electrical conductivity by
about 30.8% and 33.5% respectively, in comparison with no application of mycorrhiza and selenium at the
same cadmium level. Also, the highest soluble protein content (0.655 mg/g FW) and grain yield (2 g per
plant) were obtained with a 4.5 mg/L selenium foliar application without cadmium application. Similar
results have been reported by Qiu et al. (2025).
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Conclusion

The findings indicate that cadmium stress negatively affects the physiological and biochemical traits of rye.
This stress decreased the chlorophyll index, leaf nitrogen content, and flag leaf quantum yield, while
increasing minimum fluorescence and leaf electrical conductivity. Combined application of mycorrhiza and
4.5 mg/L selenium improved chlorophyll index, leaf nitrogen index, soluble protein content and quantum
yield. So, the application of mycorrhiza and selenium can improve chlorophyll fluorescence components in
cadmium-contaminated soils.
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Table 1- Variance analysis (mean squares) of the effects of mycorrhiza and selenium on chlorophyll index of flag leaf of rye under
cadmium stress

Chlorophyll Index (Day after planting)

Sources of variation

df 86 90 94 98 102 106 110
Repetition 147.51"  56.01™ 588.83"  450.38™  163.99"  43.86™ 32.88"
Cadmium (Cd) 2 790.95™  579.99""  249.67 = 354917 348.54™ 338.66™ 498.50™
Mycorrhiza (M) 1 135.16™  95.50™ 53.42™ 232.81"  43.38" 60.59"  111.58"
Selenium (Se) 3 45631 397.54™  266.26™  321.66™  288.02""  231.96™ 379.60"
CdxM 2 25.57* 3.16" 1.96" 4.26m 2.38m 0.04" 2.59m
CdxSe 6 5.36" 12.65™ 6.51" 8.01° 8.69" 8.26™ 12.56™
MxSe 3 13.32" 1.24rs 9.14" 12.44™ 4.79" 6.77" 10.42*
CdxMxSe 6 8.46" 6.66" 8.32" 3.31m 3.52" 5.82" 7.97"
Error 46 3.30 2.86 3.07 2.53 1.12 2.25 2.40
CV (%) - 34 33 43 8.3 7.2 4.5 5.5
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gals sdd, Jole Oles s (patle 5 15,00
Jsd) 313 21530 Ao ys B /A B YT/ 550 1y fds IS

(Y

38 A Bl e 8IS el s

STy gl 3T Sl RSl S g e
Bl eSS e L L g5,
Laly el S5 saT B 5 5S35 Ak IS 55
Noriega et al., ) L,ls & fbs S wgs ;3 oS
Al 4 i Ol s 1.(2007; Fattahi et al., 2021
e TN R R PN G TEN X PY R
SR (easlS 25 Ca OLLE s 8 s i
sl s Il b oslS impan (Y Jsit) Ll o
it D1 0S5 IS Kol T 5 05 S

ek 51525500 Sl eslizal (el o ales )

S)ls 4 Gl Jd5 I8 asla 2als S s Co s
(Y dgda) b galS g)ls e sba Jelse ol 0o
S M5 U515 ol L psde ) o i o
S e (Asgher et al., 2023) s Il J...‘.S-LU @y ol._f
31l ol 3,08 & by Jbs IS e ls sl
S 3y 55 Ogky Lyl s 3 pashe 2355 0 8 e ¥/0
ot s N s A e adlS g T el o
23 (omman b S YNY 5 Y/ (S e (CllS )
PO L s Ul 15, Kl 5,0 Osd Lol i
5 sl ol 03 polie ol costbe 2 s p 8 e
s Sb 4 p YNA 5 FYA ol Co e au8
2 pashe 2l 53 0 8 e $10 5 15,00 ol 5 5 08
3,8 o) dald b & Cond (AT Osk Lyl 8



VEF oler 5 ead gl ol (oadia Jlo (AL o ke

osSole X557 Slebl o ol Kaass sle 2015
03 S ok el 5 Sied (O35 55 mend R s
S b 5 J3s NS Wy M cr e Lol
Sy 5 Xy il 5 Begum et al., 2019) o

{(Ebadi et al., 2020) 555 o olS > Slos

350 0557 Olen S5 IS W5 o5 (g5
059 7 3l eslizal 5 S il 53) ool ataly S, s
IS o 55 055 55 pat s 2 b paithe Lo s
S (Y uz) 8, Jbs S Lasle il 4 ()
LS

by w mb e & 2 059 ol
2 sk 5 150500k (sl il w1 STl Ol
Tl 3 GOl s Jle (sl 53 Oy el
LF Jade) dd Sbgas do)s gz s G Jle!
2335 g0 05555 Ol 6olS o 131 5 O3 obdE
T G g g N e N P G
olp ol idw) s gl S 4 pAE
b A oo posthe 2 53 p 8 ke /0 5 152500
5 okd olen g rhe OU L O5s a8 etle Sl ks
Slsled 3 (ol jsba das Ol g S Dl
PRI pte Lil,s 5o oS fuw 3 eslanal pte
el (S S easlS 0 S e Ve 5
VU g el e 03 o 8 055
b oS el ol AUS de e 45 sy /AT
3l oS 5ls DL i I8l EalST 400 5 +/000
5 03555 el oS e s B sbe
A (a8 ) g pde) dald mhaws b aeslie 55 02
F/0 5 150500 ey 5, Wl ol L O JSS)
2315 eedl8 ite I Sl 5 p a2 55 0 8 e
b 978 5ad> il 53l o go 503 S Jolae allS dl> e

e Ui;_; S 5 (Ranetal., 2024) 5,15 juw b
cﬁ:\faﬂ)\f\{i)\.a\:f).} b IS (b3 sme 2SS
Ol Llge 5 Sl IS lsle i 1 AL L5 o
Kuang et al., ) 4ab Jboy IS w55 galS ‘_gLarJ_J'JT
e Cd wile K S oopl  esdle (2025
o 4 (oS iS5 Gl BT Ol 15
O 5 s S Jbrla 5o Mgt Oy oSl s
e &S (L gd oo PSII ac game Ca/Mn ad = ,5Ca?’
DLLE (s 5 Sas 5 J35 )5 2 55 Il o
Sl ol Keays &, (Qiu et al, 2025) 345
o Ay oaslS gl 3 Sy b IS asls
23 IVl skl sl bl s G55 Jele
D303 s O3S It 03,5 3 gckees 5 s IS 5
.(Karimi et al., 2024)

Jile Wig o paihe S Ll Ol b as

S 5o 59 llad 503 8 a5 1 03 e LDy IS
3,8 caly opl s (Asgher et al., 2023) 48 Lés |,
(eSS S IS 5o el 2 5 Jse e 5o
e bl lo (bl IS jl bl 3 (g 5Lu5l 4 i
Filek et ) wi ey s IS o511 il 530 5 lads SO
Sege ly 9IS e Wilg o Ol s ol Ll 2010
st 8 s IS el Il e 5 eddiy
Cllw e 5 o Skl FLATL piomen g sl
Clld bim e it b oba (Jihe lis
Filek et al., ) 545 o Jbs IS Oljee 233l 5 (6 5um 55
WA 55 43 e BB 35 150,500k g ,6.(2010
SIS Ll g o g OllE
Sl S s NS atle Sl 5Kk e
o5 ole 53 o8 U5 5 JBo IS Ol sdimsolis
ad ST sl b 15,5800 ol el
doe 53 3 0315 Rl 3 1y hed 5 05555 4 olS g 2w

Cavagnaro et al., ) Lidw o 350 1) Jds S osla



¥ Qb&wﬁ}):"-)ywb/fj}&}){w\.ﬂ)}bd‘j’-‘;’)‘j::u"wj)jbﬁszm}&)éubbujﬁéls};%

.(\ J.i.i) :}&MLZCEMQQT“}Q}L;:;U;}L&L;M): \A/F

V.:AJ\{J.\J@JJ‘)}\:_-ﬁﬂéff&)}fu&uQ‘mﬁ.’u))f€}:.1u}‘ﬂ)}§ibﬂskwial:ﬁw.uu—* Jsd
Table 2- Means comparison of the effects of mycorrhiza and selenium on the trend of changes of chlorophyll index flag leaf of

rye under cadmium stress.

Chlorophyll Index (Day after planting)

Treatments 86 90 94 102 106 110

CdyxM,*Se, 51,207 46,997 40.789 35.80 31.99% 25.58¢%
CdyxM,%Se, 59,705 56.46° 45.11% 41.76" 38.00% 31,584
Cd,xM,*Se, 61.73% 58.35% 47.79 44,78 40.43" 36.58°
Cd,xM,%Se, 62.89% 59,01+ 50.90% 4531 43.26° 38.84°
CdyxM,xSe, 54.74¢h 52.25¢ 41,500 36.416m 36.20¢ 30.39%
Cd,xM,xSe, 58.15% 55.40% 49,18+ 42.63 40,94+ 37.43
Cd,xM,xSe 60,4254 61.46° 49,88+ 45.87% 4147+ 37.79*
Cd,xM;xSe; 63.68° 60.17% 51.59° 47310 42.67" 38.28°
Cd,xM,<Se; 40.18° 4181 35.08' 3142 28.73° 20.94'
CdyxM,xSe, 46.47™ 45.14% 40.78% 34.80m 30.32m 23.97+
CdyxM,xSe, 52,87 49,200 42,79 38751 35740 30020
CdyxM,%Se, 56.72° 54.09¢ 47.20% 4326 38.66% 33.06°
CdyxM,%Se, 4844+ 44,24 39,930 36415 32.86km 26.69¢
CdyxM,%Se, 51.83 49,93 40,94 37.234 33.25km 27.17"%
CdyxM,%Se 53.82¢i 51,02 45.12% 39.08" 3485 2924
CdyxM,xSe, 58.55%¢ 57,4674 48.35% 43,755 39,440 36.45°
CdyxM,*Se, 40519 IYRLS 36,500 2020 2834 2047
CdyxM,xSe, 43.57% 43550 37361 34.430 29.55m 2251
CdyxM,xSe, 47.83m 47.614 42.53¢ 35.61+ 29.86™ 24,59
CdyxM,%Se, 52254 51.63¢ 44.94% 3801 36.74% 31.54%4
CdyxM,xSe, 43.01m 42,700 37.97+ 32250 28.98° 21.554
CdyxM,xSe, 49.98%m 46.50m 42,97 33.84m 31.50m 2457
CdyxM,xSe; 50.59km 48.75%m 41,200 35.25m 34,07+ 27.63¢
CdyxM,xSe, 55.58% 52,79 43.51¢ 40.67¢ 37.38% 3227
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Cdi, Cdz2 and Cds represent without cadmium and the application of 5 and 10 mg cd.kg soil, respectively. M and M indicate
without and with mycorrhizal application, respectively. Sei, Se2, Ses, and Ses are no foliar spraying and foliar spraying of 1.5, 3,
and 4.5 mg. L' selenium, respectively. Means with the same letters in each column are not significantly different based on the LSD

test.
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Table 3- Variance analysis (mean square) of the effects of mycorrhiza and selenium on nitrogen index of flag leaf of rye under

cadmium stress

Nitrogen Index (Day after planting)

Sources of variation

df 86 90 94 98 102 106 110
Repetition 2 0.00039"™ 0.00015™ 0.00157" 0.0012" 0.00044™ 0.00013" 0.00009
Cadmium (Cd) 2 0.00211™ 0.00154™ 0.00081™ 0.0010™ 0.00093™ 0.0009™ 0.0013™
Mycorrhiza (M) 1 0.00036™ 0.00025™ 0.00016™ 0.00067" 0.00012™ 0.00016™ 0.00030"™
Selenium (Se) 3 0.00121™ 0.00106™ 0.00069" 0.00083™ 0.00077" 0.00062" 0.0010™
CdxM 2 0.000068™  0.000008™  0.000047""  0.000005™  0.000006™  0.0000001"™  0.000007™
CdxSe 6 0.000014™  0.000033™  0.000027""  0.000024™  0.000023"  0.000022""  0.000033""
MxSe 3 0.000035"  0.000003™  0.000022”  0.000036™  0.000013™  0.000018"  0.000028"
CdxMxSe 6 0.000022°  0.000018" 0.000005"  0.000009"  0.000009" 0.000016"  0.000021"
Error 46 0.000009 0.000008 0.000002 0.000004 0.000003 0.000005 0.000006
CV (%) - 8.2 7.2 6.1 2.3 25 9.3 3.8

M,:&;@JW\@JJJB&,)!:@M;& S 4 %k g % IS

ns, * and ** show no significant and significant differences at 0.05, 0.01 probability level, respectively
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Figure 1- The effects of mycorrhiza and selenium on the trend of changes of nitrogen index flag leaf of rye under cadmium stress.
A) without mycorrhiza and cadmium, B) with mycorrhiza and without cadmium, C) without mycorrhiza and 5 mged/kg soil, D)
with mycorrhiza and 5 mgcd/kgsoil, E) without mycorrhiza and 10 mgcd/kgsoil, F) with mycorrhiza and 10 mged/kgsoil. Means
with similar letters in each column are not significantly different based on LSD test.
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Table 4- Variance analysis (mean square) of the effects of mycorrhiza and selenium on electrical conductivity of flag leaf of rye
under cadmium stress

Electrical Conductivity (Day after planting)

Sources of variation

df 86 90 94 98 102 106 110
Repetition 2 2579" 65.03" 148.30" 110.90™ 83.36” 32.44" 295.75"
Cadmium (Cd) 2 485.56" 427.07" 356.60" 258.08™ 387.93" 581.16™ 1302.92"
Mycorrhiza (M) 1 122.83" 63.24™ 79.84" 58.70" 129.23" 88.64" 184.10”
Selenium (Se) 3 312.88” 311.10™ 276.76™ 218.02™ 269.87" 450.07" 926.42"
CdxM 2 11.70" 27.62" 11.76™ 0.51™ 835" 5.04" 6.96™
CdxSe 6 21227 15.24™ 14.49™ 7.65™ 12.16" 13.54" 41.91"
MxSe 3 8.02° 8.40™ 8.05™ 9.50™ 0.84"™ 3.54m 2.85™
CdxMxSe 6 7117 3.03" 3.03" 4.07" 6.66™ 4.81™ 19.03"
Error 46 2.01 1.15 0.89 1.38 0.96 434 4.82
CV (%) 9.9 6.9 45 4.7 3.8 49 3.9

Mﬁdi.i}@dw:-lchu):)b@;u))bdmﬁb o ja sk g% dS

ns, * and ** show no significant and significant differences at 0.05, 0.01 probability level, respectively
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Table 5- Means comparison of the effects of mycorrhiza and selenium on the trend of changes of electrical conductivity flag leaf
of rye under cadmium stress.

Electrical Conductivity (uS/em™) (Day after planting)

Treatments 86 90 94 98 102 110

Cd;xM;%Se; 15.22% 19.22f 21.79¢ 27.514f 34.14" 62.50%"
CdxM;%Se; 8.96km 12.81% 15.74™° 21.35m 30.59" 47.87™
Cd;xM;%Se; 8.00'™ 12.00% 15.25" 20.23™ 25.32%0 43.36°
CdxM;*Seq 7.64m 9.83m" 13.73° 18.01° 24.47% 42.32
Cd;xM;*Se; 10.731k 18.85'% 19.881 22.95H 28.98km 53.09%
CdxM;*Se; 9.38m 10.68"™ 15.50™ 20.05™ 23.96M 48.99m
Cd;xM;*Se; 8.53km 10.38"" 14.78® 19.11" 23.17* 41.76°
CdxM;*Seq 7.14™ 9.40" 14.37® 18.72"° 22.23" 39.40%
Cd,xM;%Se; 24.15° 25.67* 29.77* 31.56" 37.69® 67.96*
Cd,xM;%Se; 20.25¢ 21.93¢ 25.06% 28.63%¢ 31.68¢ 64.10%°
Cd,xM;%Se; 12.55M 18.95f 22.68" 23.66'* 30.87" 58.31¢
Cd,xM;*Sey 9.67 13.04% 16.80™ 20.65™ 28.28m 50.46%™m
Cd,xM;*Se; 18.40% 21.34% 25.65¢ 26.98¢ 35.25% 65.70%¢
Cd,xM,%Se, 14.61¢" 14.541 21.46%" 26.09h 32.33¢ 57.66M
Cd,xM;*Se; 11.39% 15.16! 18.67% 24.23% 26.48™ 55911
Cd,xM;*Seq 9.20im 11.39%m 16.46™ 20.30™ 26.17" 44.47
Cd;xM;%Se; 25.23* 26.57 28.49% 32.30° 38.80° 68.77*
Cd;xM;%Se; 21.79% 24.84%¢ 27.81° 29.99% 38.22¢ 66.46™°
Cd;xM;%Se; 19.62<¢ 18.02"% 26.18% 29.05% 35.7¢¢ 61.35¢¢
Cd;xM;*Seq 13.91¢" 16.17" 18.064 22.65" 29.65" 53.87k
Cd;xM;%Se; 23.10® 24.27% 27.49 30.44¢ 37.29*¢ 67.32%
Cd;xM;*Se; 16.97¢ 23.77¢ 23.99¢ 28.0241 36.59% 63.36%"
Cd;xM;%Se; 15.85'% 19.61°¢ 20.67" 25.17¢ 33.18"% 59.80"
Cd;xM;*Seq 10.33" 17.16%" 17.16km 21.86km 27.613™ 51.504
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Cdi, Cdz and Cds represent without cadmium and the application of 5 and 10 mg cd.kg soil, respectively. M1 and M indicate
without and with mycorrhizal application, respectively. Se1, Sez, Ses, and Ses are no foliar spraying and foliar spraying of 1.5, 3,
and 4.5 mg. L' selenium, respectively. Means with the same letters in each column are not significantly different based on the LSD

test.
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Table 6- Variance analysis (mean square) of the effects of mycorrhiza and selenium on minimum fluorescence of flag leaf of rye
under cadmium stress

Sources of variation

Minimum Fluorescence (Day after planting)

df 86 90 94 98 102 106 110
Repetition 2 995.43" 461.17" 287.72" 273.56" 26.93" 26.06" 390.43™
Cadmium (Cd) 2 4524.1™ 7315.1" 6246.5" 6188.4™ 4750.6" 4538.43™ 5637.7"
Mycorrhiza (M) 1 1662.7" 1144.1™ 709.39™ 1283.5™ 1830.1™ 1476.06™ 1386.8"
Selenium (Se) 3 4226.4™ 4283.3" 3262.7" 4165.3™ 3494.7% 3420.80" 4588.3"
CdxM 2 44.60™ 115.01™ 103.17 4.76"™ 80.79" 68.35" 37.72"
CdxSe 6 125.72° 158.88" 84.05™ 122.08™ 165.11° 97.78" 63.06"
MxSe 3 25.09" 157.01™ 33.35™ 117.67" 24.20™ 140.65™ 37.15™
CdxMxSe 6 162.97™ 40.29" 68.56" 92.37* 65.14 152.77% 114.42%
Error 46 48.99 22.28 25.55 21.15 17.67 33.04 24.42
CV (%) - 6.4 39 4.2 35 33 39 32
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ns, * and ** show no significant and significant differences at 0.05, 0.01 probability level, respectively.

SRV & e Fo lis cling o b o sl
Ll Ol s opl 3l 2l adl do e )3 VPP
YALYY w1, Cd 25 i Ol M;Lﬂ)\ﬁ),iiu
SR Ls g 3B g esls el el Ao e s Aoy
Jtr) oled ol I s 535 5 Shas 550 9 ) soge
cnl 5315 Rl Fo e ceaslS kel 5300V
33 O8I G o) w S ediasOlEs ol 5l
bl Clea Yol 8 ol Tt g
0T Jol8” 0ol eS| ke 5 (QA) 05, gl oy
03 PSIT 55 0551 0L Ous ST ol 03ls )
spiee I recwgd OAs i e 4 b Dol
o= 3 s ) (Ghasemi Masarmi et al., 2022)
S Gsba s 3y s ST el &S, Cd 5Se
e s Gals ) Cd o Caew WlgeSe

Jole &K Olgea 5 das LmlBl |y SlasT sT
OLLS 53 Cd 1 56wl 2alS (gl oSS
el B V.:A.alf &y 03 .(Shao et al., 2022) 45" fos
@S 22 5 Foo (Bl o ol i

L oS e bl parhe Ll g I a3

(Fo) o &5 0 b9 57 (ilusgld flue

pasbe 5155800 (oadlS sl ailran 1S 0n s |
Jole o 53 o 5 Jd s IS il 5l il
e o (CB8 51 e S 0 a) (s g ges

(5 Jgir) 550 5l5 gme Lo )3 ey 5 &S5 la|

Gyes adgl Jolye 55 S 3l Ol b Kile duslis

Sl 0l CsdE L Gl ey oS Fo ldie os)ls
bw e b 5 1550k plg 58 L
35S S e s Sbleg s el Fo Ol ks
ol ot paihr 2 530 S L ¥/0 5 ¥ 5,118 Je Ol e
1 Fo Jlie cuueslS 5,8 0o Ll 5 5o 55550 L
(3155 e 50 M) 2l al e 3 g 51y ralS
SOV | PR RV SN FU NP N CRe
Voos 0 slackle) ceslS 5 Lals s ol
3 ookl sy 5 (S @ FHLST 5 aslS 0 8 e
d e 55 VAY 5 WWF @ Fo ldis dsodiS” s
o S SIS 53 el sy LSSl Rl el
A e S e F10 5 5Kl by 8 8 5Cd o



VEF poler 5 St gl Siled padis dl (AL s pske

¥4

ALl 5 pl (Mohammadi Kale Sarlou et al., 2024)
LS5 55 5 o8 DT ol (6 g 31 e
AW b, o 2131 dles Sl s JST il 5l
osSle oS dziils Hlgbl OUT 55 o (Fy) Luize 5 (Fm)
s ol 3 Fo a1 i Sl 51 i Ll s s
SalS s 0T il edsplis oS LS s S5 S
e R Ry )

Syls Calles Lol

el 4 Caaglie b Lo e b0 Ol o3 S oS
A lad e 4 Cd s i o 5555 51 5038 i
51,85t ol (Cui et al., 2018) &S (¢, 8 Jo
JEl o iy 5o Il 5 oy IS Hlsle o B
3 e I sl Salg 53 5 e S (6,8 e 05 S

g g eSS Ll 5 55 Fo s
03 o) b e jon el L sS4

K@M\)d‘&fﬂuju]'ubcu;.}b{\ﬁ

o3l 5 o lasler o r &8 B il g i gy psthee 5 105Gl 3T S0l 4l -V U
Table 7- Means comparison of the effects of mycorrhiza and selenium on the trend of changes of minimum fluorescence flag leaf
of rye under cadmium stress.

Minimum Fluorescence (Day after planting)

Treatments
86 94 98 102 106 110

CdxM;*Se; 107¢1 130.33" 143.67¢¢ 150.67% 157.33% 164.00°"
Cd;xM;%Se;, 103.33" 104.00™° 121.66™ 138.33¢h 140.00" 139.331
CdxM;%Se; 98.668 96.33°4 111.00" 119.00% 124.674 131.33%
Cd;xM;*Sey 72.00™ 93.33m 95.334 116.66 119.00™ 128.00*
CdxM;*Se; 116.33%¢ 117.331 129.33H 131.67" 145.00™ 148.66"
Cd;xM;*Se, 86.67" 109.33™ 104.67° 120.00% 138.00¢7 146.33M
CdxM;*Se; 83.33m 100.33™P 101.66 109.67' 116.67™ 115.00'
Cd;*xM;*Sey 82.33™ 91.00¢ 98.33m 106.33! 114.67™ 124.00
Cd,xM;%Se; 147.00a 149.33% 160.33* 165.33% 174.00® 188.67°
Cd,xM;%Se, 122.33¢f 143.33%4 149.33¢¢ 142.33% 161.00%¢ 170.00¢¢
Cd,xM;%Se; 108.00%" 123.00™ 131.33% 134.67" 138.67¢3 153.33¢"
Cd,xM;%Sey 95.00% 112.00%™ 113.66™ 132.66" 129.33% 150.67"
Cd,xM;*Se; 125.33¢¢ 138.67¢¢ 141.00" 153.00% 146.00" 173.00%¢
Cd,xM;*Se, 105.0087 127.00¢ 138.33¢" 147.33¢ 136.00™ 154.00¢"
Cd,xM;*Se; 105.00%3 120.00"* 133.00 123.33% 139.67" 152.33"
Cd,xM;*Sey 86.004 106.33™ 118.00" 122.00% 129.67% 136.67
Cd3;xM;%Se; 140.66% 151.00° 160.00 168.67° 177.33* 191.00°
Cd;xM;%Se, 130.33% 145.67*¢ 154.67%¢ 165.66™ 165.00¢¢ 177.33%
Cd3;xM;%Se; 114.00¢" 141.33%¢ 152.67%¢ 155.33¢ 161.67< 161.33"%
Cd;xM;*Sey 113.33% 125.33¢ 125.33km 136.00¢" 148.66° 150.33"
Cd;xM;*Se; 130.33% 147.00% 156.66*¢ 160.33% 168.33%¢ 183.33®
Cd;xM;%Se, 127.00¢¢ 135.67%F 146.66%" 154.33« 162.00%¢ 167.33%f
Cd;xM;%Se; 109.00% 132.33%¢ 136.008 150.67% 158.00% 153.33¢
Cd;xM;*Sey 100.677 114.66" 122.67™ 125.667 134.00™* 146.00"
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Cdi, Cd> and Cds represent without cadmium and the application of 5 and 10 mg cd.kg soil, respectively. M1 and M indicate without
and with mycorrhizal application, respectively. Sei1, Se2, Ses, and Ses are no foliar spraying and foliar spraying of 1.5, 3, and 4.5 mg.
L-! selenium, respectively. Means with the same letters in each column are not significantly different based on the LSD test.
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Table 8- Variance analysis (mean square) of the effects of mycorrhiza and selenium on maximum fluorescence of flag leaf of rye
under cadmium stress

Sources of Maximum Fluorescence (Day after planting)
variation df 86 90 94 98 102 106 110
Repetition 2 11802.06™ 9603.17" 41472.2™ 8838.29" 12747.2"™ 47105.8™ 26952.4"
Cadmium (Cd) 2 132124.43" 106638™ 166481. 6™ 145769.5 158200.8" 138949.6" 161311. 17
Mycorrhiza . x « « o - o
o 1 19273.3 43414.2 12880. 2 8844.5 83368. 6 412323 26834.7
Selenium (Se) 3 73846.87"" 63901.7" 80935. 8" 77280. 8™ 130238.7™ 96178.05™ 102527. 8™
CdxM 2 983.85™ 4520.4™ 5833.17™ 4086.79™ 786.85™ 1317.76™ 2302.60"
CdxSe 6 3523.30™ 1489.2" 2756.94™ 5888.60" 7149.63" 954.58™ 2602.40™
MxSe 3 4875.1" 93.7™ 4391.6™ 10042. 8™ 497.35™ 3153.16" 2580.50"
CdxMxSe 6 1918.35" 1218.91° 6129.76" 2228.48™ 1489.98" 2254.41° 1667.49™
Error 46 804.76 433.12 2134.58 2112.12 2421.97 929.64 471.68
CV (%) - 3.5 2.5 5.5 5.7 6.8 4.1 9.2
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ns, * and ** show no significant and significant differences at 0.05, 0.01 probability level, respectively
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Table 9- Means comparison of the effects of mycorrhiza and selenium on the trend of variation of maximum fluorescence flag

leaf of rye under cadmium stress.

Maximum Fluorescence (Day after planting)

Treatments
86 90 94 106 110

Cd;xM;*xSe; 876.331" 803.00"" 805.67"! 739.67* 708.331
Cd;xM;xSe, 965.33¢¢ 844.67" 930.67>* 764.00M 808.33¢f
Cd;xM;*xSes 987.33% 924.33% 950.33*4 838.33¢1 874.33¢
Cd;xM;*xSey 1122.33% 942.67% 1012.00° 925.00% 890.33%
Cd;xM;*xSe; 921.67¢ 868.33 853.00" 754.00M 736.33M
Cd;xM;xSe, 1030.33¢ 961.33% 874.33¢h 883.00%4 823.33¢1
Cd;xM;*xSes3 1070.67% 987.67% 990.00* 896.33% 923.00®
Cd;xM;xSey 1115.00* 1020.33% 958.33%¢ 947.00° 932.67*
Cd,xM;xSe; 813.67™ 742.00°" 666.00" 620.67" 604.00
Cd,;xM;xSe, 855.67 832.00™ 750.33km 678.00™ 684.00
Cd,xM;*Ses 930.00" 843.33hk 819.002* 754.00" 770.67¢"
Cd,xM;xSey 973.00°" 882.00' 928.33%F 821.00°¢ 835.33%
Cd,xM;*xSe; 885.00™ 786.33™° 756.00%™ 728.33" 740.00"
Cd,xM;xSe, 911.00™* 823.00 835.33¢7 769.00M 750.33"
Cd,xM;*xSes 919.67¢ 900.33¢f 810.00M* 751.00* 788.33
Cd,xM;xSey 1000.00¢ 916.33% 880.67¢h 862.00°° 856.33<
Cd;xM;xSe; 802.334 708.33" 660.67" 599.33° 569.67°
Cd;xM;xSe, 831.67™1 727.00% 724.33™ 635.67™° 645.33™
Cd;xM;xSes 844.67™ 783.00™m° 769.67m 703.00" 671.67%™
Cd;xM;xSey 947.00°h 857.67¢ 773.67™ 772.008" 761.67¢
Cd;xM;xSe; 820.33° 759.00°4 733.33M 652.67™ 627.00™
Cd;xM;xSe, 866.00%° 772.33" 783.67™ 665.67"" 656.00"™"
Cd;xM;*xSes 924 33¢1 810.33km 749.675m 713.33% 695.33%
Cd;xM;xSey 900.33+ 874.00™ 887.33¢¢ 802.67™ 758.33¢
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Cdi, Cd2 and Cds represent without cadmium and the application of 5 and 10 mg cd kg soil, respectively. M1 and M2 indicate without
and with mycorrhizal application, respectively. Sei, Sez, Ses, and Ses are no foliar spraying and foliar spraying of 1.5, 3, and 4.5 mg.
L' selenium, respectively. Means with the same letters in each column are not significantly different based on the LSD test.
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Table 10- Variance analysis (mean square) of the effects of mycorrhiza and selenium on variable fluorescence of flag leaf of rye
under cadmium stress

Sources of Variable Fluorescence (Day after planting)
variation df 86 90 94 98 102 106 110
Repetition 2 17183.35™ 8023.26"™ 47927.9™ 10482.68" 12385.60" 46981.54™ 25211.06™
Cadmium (Cd) 2 185480.72"  168503.85™ 237218.76™  212008.22°°  215268.43™  192598.9™ = 224527.3™
Mycorrhiza (M) 1 32258.00™ 58653.12" 19635.01" 16866.72"  109902.34™  58311.12" 40422.7"
Selenium (Se) 3 113264. 5™ 101031.4™ 116562.8" 116772.8™  175958.61™  135527.3™  149941.6"
CdxM 2 990.17™ 3195.87™ 7293.51" 3847.72™ 448.76™ 1717.79™ 2891.51™
CdxSe 6 357937 2200.24™ 3479.97™ 7206.15™ 7286.08" 1289.81™ 2937.34™
MxSe 3 4729.70™ 414.38™ 5067.64™ 11774.1 622.83™ 419127 3192.68™
CdxMxSe 6 2535.15° 1206.97" 6716.75™ 2772.72™ 1185.74™ 2902.83" 2033.81"
Error 46 834.48 438.38 2057.39 2054.11 242536 1035.14 471.30
CV (%) - 35 2.8 6.4 6.7 7.9 5.2 3.6
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ns, * and ** show no significant and significant differences at 0.05, 0.01 probability level, respectively
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Table 9- Means comparison of the effects of mycorrhiza and selenium on the trend of changes of variable fluorescence flag leaf
of rye under cadmium stress.

Variable Fluorescence (Day after planting)

Treatments
86 90 94 106 110

Cd;xM;*xSe; 769.33¢" 674.33%* 675.33% 582.33¢ 544.33%
Cd;xM;xSe, 862.00¢¢ 745.67¢ 826.67* 624.00" 669.00°"
Cd;xM;*xSes 888.67° 831.00%¢ 854.00* 713.67¢¢ 743.00%
Cd;xM;*xSey 1040.00° 857.33¢ 918.67* 806.00* 762.33°
Cd;xM;*xSe; 805.33 748.67¢ 735.67%F 609.00¢ 587.67"
Cd;xM;xSe, 943.67° 865.00% 765.00¢¢ 745.00% 677.00°
Cd;xM;*xSes 987.33° 897.33" 889.67% 779.67* 808.00*
Cd;xM;xSey 1043.00° 932.00° 867.33® 832.33% 808.67*
Cd,xM;*Se; 666.67' 592.67™ 516.67™ 446.674 415.33°
Cd,xM;xSe, 733.33+ 694.671 607.00% 517.007 514.004
Cd,xM;*Ses 822.00° 711.00M 696.00°" 615.33¢ 617.33¢
Cd,xM;xSey 891.67¢ 775.00' 816.33% 691.67% 684.67%
Cd,xM;*xSe; 759.67" 646.67" 617.33"* 582.33¢ 567.001
Cd,xM;xSe, 806.00™ 697.331 708.33%¢ 633.00 596.33M
Cd,xM;*xSes 814.67°¢ 784.33¢ 690.00" 611.33¢ 636.00'
Cd,xM;xSey 878.00° 813.67% 774.33% 732.33%4 719.67¢¢
Cd;xM;xSe; 661.67' 661.67° 661.67™ 661.67' 661.67°
Cd;xM;xSe, 701.33H 580.00™ 578.67%™ 470.67" 468.00™"
Cd;xM;xSes 730.67* 641.004 628.33M% 541.33N 510.334
Cd;xM;xSey 833.67%F 744.00¢" 648.33¢ 623.33% 611.33¢
Cd;xM;xSe; 690.001 614.67™ 586.334 484,33 443.67™
Cd;xM;*xSe, 739.001 637.33! 648.00&* 503.679 488.67™
Cd;xM;*xSes 815.33¢¢ 692.331 617.33" 555.33M 542.00%*
Cd;xM;xSey 799.67" 759.33% 772.67¢¢ 668.67" 612.33¢
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Cdi, Cd2 and Cds represent without cadmium and the application of 5 and 10 mg cd kg soil, respectively. M1 and M2 indicate without
and with mycorrhizal application, respectively. Sei, Se2, Ses, and Ses are no foliar spraying and foliar spraying of 1.5, 3, and 4.5
mg.L! selenium, respectively. Means with the same letters in each column are not significantly different based on the LSD test.
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Table 12- Variance analysis (mean square) of the effects of mycorrhiza and selenium on quantum yield of flag leaf of rye under
cadmium stress

Sources of variation

Quantum Yield (Day after planting)

df 86 90 94 98 102 106 110
Repetition 2 0.0039™ 0.0005" 0.0018" 0.0023" 0.0020" 0.0020" 0.019"
Cadmium (Cd) 2 0.063" 0.063" 0.064™ 0.110" 0.073" 0.080" 0.09™
Mycorrhiza (M) 1 0.014™ 0.018" 0.022" 0.017" 0.0035™ 0.017" 0.013"
Selenium (Se) 3 0.045* 0.044™ 0.056™ 0.047" 0.091" 0.067" 0.06™
CdxM 2 0.001™ 0.0015" 0.0007" 0.003" 0.003" 0.00002™ 0.003"
CdxSe 6 0.009* 0.0014" 0.0012" 0.0015" 0.002" 0.002* 0.003™
MxSe 3 0.0007" 0.0023" 0.0001"¢ 0.0018" 0.005" 0.0038™ 0.0015"
CdxMxSe 6 0.0007" 0.0015™ 0.0014" 0.002" 0.002" 0.001" 0.013"
Error 46 0.0003 0.0004 0.0005 0.0005 0.0004 0.0004 0.0013
CV (%) 2.6 8.2 32 33 33 6.3 43

Loy &S ) Jlea| CJM 0313 gan g 15 San e LS S e g % DS

ns, * and ** show no significant and significant differences at 0.05, 0.01 probability level, respectively
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Figure 2- The effects of mycorrhiza and selenium on the trend of variation of quantum yield flag leaf of rye under cadmium stress.
A) without mycorrhiza and cadmium, B) with mycorrhiza and without cadmium, C) without mycorrhiza and 5 mgcd/kgsoil, D)
with mycorrhiza and 5 mgcd/kgsoil, E) without mycorrhiza and 10 mgcd/kgsoil, F) with mycorrhiza and 10 mged/kgsoil. Means
with similar letters in each column are not significantly different based on LSD test.
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Table 13- Means comparison of the effects of mycorrhiza and selenium on physiological traits of rye plant under cadmium stress.

SPAD 98 EC 106 F0 90 Fm 98 Fm 102 Fv 98 Fv 102 F0 90
Treatments Day after planting Treatments Diiy after
planting

Cd;*Se; 38.69" 44.10¢ 124.17¢ 771.50%¢ 748.00° 635.00° 606.83° CdxM; 101.58¢
Cd;*Se, 46.62° 37.45" 97.67¢ 910.67* 841.17° 797.50° 712.00° CdxM, 98.67¢
Cd;*Se; 49.38* 33.49& 91.83h 925.50* 908.67* 819.17* 794.33% CdyxM; 131.50°
Cd;*Se4 50.44* 32.39" 86.83" 948.50* 909.67* 851.67* 798.17* Cd,xM, 121.00¢
Cd,*Se; 36.37¢ 48.04° 144.50% 686.67° 624.50° 536.00" 465.33¢ Cd3xM; 138.50%
Cd,*Se, 40.59¢ 44,73 131.50¢ 784.33%4  705.00% 640.50° 560.17¢ Cd3;xM, 128.00°
Cd,*Se; 42.68° 40.39¢ 124.17¢ 782.00¢¢  703.83%¢  649.83%  574.83°

Cd,*Se4 45.34° 35.82f% 104.83" 856.83° 861.17* 741.00° 733.83%

Cd;*Se; 34.08" 51.29% 147.83¢ 692.67° 603.50° 534.33f 439.00¢

Cd;*Se, 37.59% 48.86° 141.00° 694.00° 654.33% 543.33" 494.33¢

Cd;*Se; 40.81¢% 46.53% 130.00¢ 749.83¢ 735.67¢ 605.50° 582.67°

Cd;*Se4 42.46% 40.06¢ 114.17¢ 819.50% 812.50° 695.50  681.67°

Treatments SPAD 98 FO0 90 Fm 98 Fv 98
Day after planting

M;%xSe, 34.24¢ 143.11* 705.33¢ 550.67"

M;xSe; 39.10¢ 127.78¢ 774.22¢ 632.33¢

M, %Se;3 42.34¢ 122.56¢ 786.560  645.89%

M;xSe4 45.48% 102.00" 896.89* 784.00*

M;xSe, 38.52¢ 134.56° 728.56° 586.22"

M;xSe; 44.10° 119.00¢ 818.44>  688.56%

M;xSe;3 46.24° 108.11¢ 851.67° 728.11%

M;xSey 46.68" 101.89" 853.00° 741.44%

1208l 308 L5 05t o o Mo s M STs p S48 p5slST p 8 a Ve 50 3,087 53,8 e 5 54 Cds 5 Cdz (Cd
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Cdi, Cdz and Cds represent without cadmium and the application of 5 and 10 mg cd.kg soil, respectively. M1 and M: indicate without
and with mycorrhizal application, respectively. Sei, Sez, Ses, and Ses are no foliar spraying and foliar spraying of 1.5, 3, and 4.5 mg.
L-! selenium, respectively. Means with the same letters in each column are not significantly different based on the LSD test.
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Table 14- Variance analysis (mean square) of the effects of mycorrhiza and selenium on soluble flag leaf protein and grain yield of
rye under cadmium stress.

Sources of variation df Soluble flag leaf protein Grain Yield

Repetition 2 0.110™ 0.504™"
Cadmium (Cd) 2 0.307" 0.734™
Mycorrhiza (M) 1 0.031™ 0.102"
Selenium (Se) 3 0.188™" 0.637""
CdxM 2 0.003"™ 0.015™
CdxSe 6 0.008" 0.016"
MxSe 3 0.002" 0.027"
CdxMxSe 6 0.0004" 0.009"
Error 46 0.003 0.007

CV (%) - 13.5 5.01

o )3 &G ez el 53 13 fme 5 3 fan b 5 S 3 5 1S

ns, * and ** show no significant and significant differences at 0.01 probability level, respectively.
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Table 15- Means comparison of the effects of mycorrhiza and selenium on soluble flag leaf protein and grain yield of
rye under cadmium stress.

Soluble Soluble Soluble Soluble
= flag Grain = Grain = flag Grain = flag Grain = flag Grain
E leaf Yield g Yield ’-\é leaf Yield E leaf Yield E leaf Yield
] protein s £ protein <  protein < protein
2 2 < Z Z
- mg/g - = mglg = T mglg = mglg
fresh & per & per fresh & per fresh g per fresh g per
weight plant plant weight plant weight plant weight plant
Cd;xSe;  0368%  1.522° | M;xSe; 1.320° | Se; 0.292d  1.403¢ | Cd; 0.543a 1.814° | M1  0.436a  1.668°
Cd;xSe,  0.548™  1.822" | M;xSe; 1.508¢ | Se,  0.391c 1.564° | Cd2  0375b  1.612° | M2  0.394b  1.593°
Cd;xSe;  0.600®  1.914® | M;xSe; 1.711° | Se;  0.439b  1.720° | Cd3  0.327c  1.466¢
CdxSe;  0.655*  2.000* | M;xSe, 1.833* | Se; 0.538a  1.836a
Cd,xSe;  0.267Y 1.4237 | M,xSe;  1.486¢
Cd,xSe,  0.337""  1.518° | MyxSe,  1.621°
Cd,xSe; 03927 1.701¢ | M,xSe;  1.728°
Cd,xSes  0.507%"  1.808° | M,xSes 1.838"
Cd;xSe;  0.2430 1.265¢
Cd;xSe,  0.288"  1.353%
Cd;xSe;  0.32580  1.544¢
Cd;xSes  0.453%  1.701¢

.|ﬁ)}§ib>ﬁ)l§p)£)3~\a’%j4{M2}M1 (}:.Aélf(;}l:f):(:}:a:l{r;&:ﬁ\'ja Jﬂ)\f))ﬁ)\f(.&&%)}’@cd3)cd2 ‘Cdl
Ot 2 53 alie g b o S0be ptbr ) 3 8 ko F10 5 ¥ 01/ (3L glome ¢ L ghome pde 5 54 Sed 5 Ses Sez Sey

Cdi, Cdz and Cds represent without cadmium and the application of 5 and 10 mg cd.kg soil, respectively. M1 and M: indicate without
and with mycorrhizal application, respectively. Sei, Sez, Ses, and Ses are no foliar spraying and foliar spraying of 1.5, 3, and 4.5 mg.
L' selenium, respectively. Means with the same letters in each column are not significantly different based on the LSD test.
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