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Background and objectives

Light is the main environmental factor for plant growth and development. Different attributes of light such
as intensity, quality and duration affect plant growth and productivity. Light spectrum of growing environment is
a determinant factor for plant growth and photosynthesis. The photosynthetic reactions are directly affected by
various light parameters including its spectrum and intensity. Photosystem I and Il (PSI and PSII) in the electron
transport chain of photosynthetic apparatus are involved in converting solar energy to chemical compounds in
plants. It has been found that the PSII is sensitive to light quality. Using The OJIP test, we can investigate the
efficiency of various biological phases of the electron transport system. Light sources such as metal-halide,
fluorescent, high-pressure sodium, neon lamps and light-emitting diode (LED) can be used for production of
plants in closed environments instead of sunlight. Manipulation of the light spectrum of the lamps could trigger
potential benefits by enhancing plant growth. Nowadays, by using the LED technology, it is possible to study the
physiological effect of different light spectra for optimization of growth conditions and for increase the
production of plants in controlled environments. This research was conducted to investigate photosynthetic
apparatus, growth parameters, stomatal characteristics, transpiration rate and essential oil content of Salvia
officinalis under different light spectra.

Materials and Methods

In this study, the effects of different light spectra were implemented and performed as a pot experiment
using soilless media in the plant growth chamber based on a completely randomized design with 6 lighting
spectra including White, Blue, Red and three combinations of R and B lights (R30:B70, R50:B50 and R70:B30)
with three replications. The light intensity in all growth chambers was adjusted to photosynthetic photon flux
density (PPFD) of 250 £10 umol m2s* and light spectrum were monitored using a sekonic light meter (Sekonic
C-7000, Japan). Growth condition was set at 14/10 h day/night cycles, 25/22°C day/night temperatures and 40%
relative humidity. Three month following plant growth under different light spectra, the plants were evaluated
for their growth parameters, stomatal characteristics (stomatal length, stomatal width, pore length or aperture)
transpiration rate (E), relative water content (RWC), photosynthetic apparatus (evaluation of OJIP) and essential
oil content. Data analysis of variance (ANOVA) was performed using IBM SAS software (Version 9.1) and the
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differences between means were assessed using Duncan’s multiple range tests at p< 0.05.

Results

The results showed that the stomata characteristics, photosynthetic performance, growth characteristics and
essential oil content of Salvia officinalis were affected by different light spectra. Increasing the ratio of red light
especially combined Red and Blue lights (R70:B30) led to the improvement of growth characteristics. Transient
induction of chlorophyll fluorescence showed that the highest fluorescence intensities at all OJIP steps were
detected in Red light. The lowest F./Fo and F./Frn were obtained in plants grown under Red light. Occurrence of
leaf epinasty and decrease in F./Fn indicative of phenomenon of red light syndrome in the plants under Red
treatment. Red light caused a reduction in performance index per absorbed light efficiency of (Plags) and
increase in quantum energy dissipation (®Dy), light absorption (ABS/RC) and electron trapping (TRo/RC) per
reaction center. The highest F./Fo, F\/Fm and Plags were obtained under combination of Red and Rlue light. The
highest ®E, was also detected in combination of Red and Blue light. The narrow and large stomatal apertures
were detected under Red and Blue light, respectively. The highest transpiration rate was achieved in plants
grown under Blue light LED. Increasing the ratio of Red light resulted in reduction in transpiration rate and
improvement of leaf capacity to control water loss via reducing the opening of stomata. The highest amount of
essential oil (1/75% v/w) was achieved in plants exposed to combination of Red:Blue light spectra (R70:B30).

Conclusion

light spectrum during plant growth can change plant metabolism, LED can be used in favor of producing
good-quality food in controlled environment agriculture due to their ease of application, waveband manipulation
and limited heat production. Our result showed that photosynthetic apparatus, growth parameters, stomatal
characteristics, transpiration rate, relative water content and essential oil content of plants were considerably
influenced by light spectra. Using OJIP test confirmed that plants grown under monochromatic Red and Blue
lights were less efficient to successfully transfer the excitons and most of the absorbed energy by the
photosystems was dissipated as heat. In conclusion, combined Red and Blue lights (especially R70:B30) caused
favorable growth, photosynthetic functionality and maximum essential oil content of Salvia officinalis.
Therefore, combination of R and B lights (R70:B30) should be considered for production of Salvia officinalis
under artificial light systems during commercial controlled environment production of plants.
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Figure 1- Light spectra of blue (B), red (R), red 50 and blue 50 (R50:B50), red 70 and blue 30 (R70:B30), red 30 and blue 70
(R30:B70) and white (W) lighting environments measured at plant level in the growth chambers
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Figure 2- The fresh and dry weights of the arial part (A), root (B), leaf (C), and stem (D) of Salvia officinalis grown

under different light spectra with same intensity
(DMRT, p<0.05).



AYQ e IS o2 0 LS puiliol 0 9 Oy sl Ll (g 3w gid O Shos 595 alio gyciub ,..JL OhhKen g g0l 50

Seid ool adgs g ady Gl 4 joxie Cold )3 g (s Fg
29 Cemload ()15 g9-dge (ol S8 Slilllas 3 4 39000
(Stutte et al., 2009; a5 ssaliie dous ol p 5l asllas

.Hogewoning et al., 2010; Sawvvides et al., 2011)

Jed g puileny o8

3 F) 1 Fo OIIP s o yo Lo o 3 48 3l L ol
o (pyieS g ja )8 ) 4 Blaite (uilygld (s o e Fim
¥ JS2) 292 Yo (V508 5 00 (D 50,8 (S 5 495 &1 e

50000 -
45000

40000 -
35000 -
30000 -
25000 -
20000 -
15000 -
10000 -
5000 -

by 9lb oy
Fluoroscense intensity

elylob ol (Lietal., 2017) o\ Ken o (J High guls

S5 Ly s foisine sy (S8 455 ol > il b 5ol
5D dadoy ady el cdl o8l b H5i 4 Cod (o 0,8 g 508
Pl B S5 g 5 & el b (s el je)5 g
23S o3l L3 azalS )3 ol gl 9508 )3 b dwglio
JosS sen Jsb sy £l ol 555 iy Ltals3l b &S 15 omlito
L as ol fals ol Sis g 5 (g 9 Sy daw 1SS (2l 5
(Hernandez and Kubota, 2015) 5, céllas aslas oyl gols
Lagl S5 i 31 095 oo 00t 50,8 5 (o 555 99 o 5l By
ulA_JQJ ] s)M_M:y.‘a Cas uwl)sl Cuw g Cowl odalin JJ[B

50 2000

o4 < )
(203 5e)

60000

-l
ey
(S

100000

Time (us)

&3l Wy I8 0 oS 45 (Fm; 1S o Fi; 60ms (Fa; 2ms (Fo; S0us) OJIP goxie cilisee Jolpe 33 Jadg IS (il jold Coand - JSU
oSy g Cawi b (5,98 Bl b cod

Figure 3- The intensity of chlorophyll a fluorescence during different steps of OJIP (Fo; 50us, Fj; 2ms, Fy; 60ms and Fp,; 1s)
curve in the Salvia officinalis grown under different light spectra with same intensity

395 b 615 e gl andl 48 5y Yo IV 503 g B0 T 503
295 e 3 (Fm) pShas uilenjold (lje cp 3 VL cudlis i
b oaalie (ol5e 8 (oS 5 oy 3 ol lise S g 303
S 9 78 y95 et ) (Fu) jite il jold (e (o yiden

(F US5) s osalive v oI+ 30,8 Jla )3 ol Hlade

S8l uiloygld jlade i ol (LS (:S0ke dunlie ol

o bt o1 (lsee pieS 5 (ol 9 3038 ()95 s sless 5 (Fo)
oo 93 50 Gl yold (e ity D9y (i je )8 (S 5 sloyg
2lo o 90 ()55 ol g 508 6y9 o bame > (Fo) 4l
=5 5095 0 Ol e e ioimly 5 5058 598 o (FI) aglilee 5



VT Sl oF oyl TVl (((55,9LES @alion 3 pole) Sl pole 4 i

AY

B
A oo
30000
&
12000 25000 4
b b
10000 20000 b b
e ¢ = 15000
= 6000
10000
4000
000
2000
i 0
0 \ N Ny N Ny
& 0 o < \5\\ <+ \<\ < \_.\.S
\\ & P D AN AN
AR \x \1-"\ <« & &
s ¢ Rl & Ao
Light spectrum Light spectrum
< D
45000 _
10000 - a 50000 a
- b 15000 | b
35000 - be be 40000 | be be
30000 - < H 35000 ¢
25000 - 30000
= 25000 |
20000 - i 250
- 20000 |
13000 15000
10000 - 10000 |
5000 - 5000 |
0 — 4 ___! i | R . 0
, : \ B Q ) N
NS \{9 < \{Q ) 1;_?0 Q \\,:1 Q \\1:\ < 4
AR BN ,__Q\ /\\ -\_\\ (_'\\
g ¢ & A 8 S
b )9 hodo
Light spectrum Light spectrum
E
40000
35000
30000
25000
> 20000
— 15000
10000
5000
0
& ~D R D
& §‘ ,QQ‘
p 2 g
& il

Light spectrum

wd’e\éli Jwv)u.lfwg"o el:f BE) Fv (EsFm (D F (C F; (B Fo (AJ.oLw OJIPM)D uMJLw)slﬁ J@,,lf d&ﬁl)b—i Jgsw

Figure 4- Chlorophyll a fluorescence of the OJIP-test including A) Fo;, B) F3; C) Fi;D) Fm: and E) Fy; in the Salvia

oSy 5 Cawi b (5,98 Bl b

officinalis grown under different light spectra with same intensity
(DMRT, p<0.05).



AV e IS o2 0 LS puiliol 0 9 Oy sl Ll (g 3w gid O Shos 595 alio gyciub ,.uia OhhKen g g0l 50

2 08 595 poyiiow gy D9 oo Jitte ad 4y S jriwgid
blod jl oo adlllas (0l )3 5058 595 cod il (e lals
blod jl o g (LS (IS 5 (b0l sbml) (558590
& 0o omb J s ) D9 d9zke WalS > Slae g (g jrimgid
)8 )95 pyytis el baye jii jo8 )95 pg)diw oy b FulFm
9 Sy b b )b o 14y colin FVIFM (0l 251
39 e e calial a5y Ly LS,y 5l (slods s slsg
Ohl—Se g cwygi9l,5 (Hogewoning et al., 2010)
0 595 5 iljel &8 W08 ol (Trouwborst et al., 2016)
38 Lol agdi oo FulFm (ials g o )3 55 poyiivw oMo ek
FulFin ga3Ls 5390 o §) posiin oo (o 9 508 (oS 5 )99
3 =56 Kl oo 50,8 555 > PPo b FulFm (iels .ol oo il 8l
O ced I GRali 8l s oS A3l STy 55 pe (0l b 8
3y Slas ol Gial3 8l 95 e pulinysls 5 LS U5 & 53
s5 byl > sl (5y05 lalS > (PDo) (551 S ceglsS
5 S5 ellas (1l s b gillas scanl 4Bl cpl 50l o8
25U w0 L (Zheng and Van Labeke, 2018) 4. <J s
255158 0335l g FulFm Lials (a9l olS y 9 calisee slacab
295 &35 a8l ()0 QLS 3 1 piengid 5> (Sl JUis]
(Matsuda et al., ,lSan g 15gusle .ddgas 5,351y 50,8
bl 0, sl (B Sy (¢ pimgtd byl 45wzl )5 35 2008)
5008 59 o5 8 LS 4 s ol g 508 S 5 g Ll
Gl 508 9 o y95 3929 9 0 FYL Wl S 8 il S
45 Sl Syge 3 onl g Ml 5ygpe LAlS g i3Sl
Las ol oly gl ous JS aopd Ve Jilis 50,8 560 jlade
Ol 4158 i LS cnib citllas sl dallas ol
gt Juanils 5 wles las (a3l (Fu/Fo) 1 g
(Ozfidan et al., 2013) cuwl Wluw 5 L5 e lals
@S 58,5 )5 8L cod ouima it jl)y cpl pials
(Lietal., 2010; shu et cul o958 Jan) 0 o5 5 (6 ptuwgid

al., 2013)

G ASY JEL o0 93] S 003l slagadlis

» @Eo g Wo Plaps (ad L jlafe i ol lis ol
5508 555 > ol ke (58 9 Yo V- 508 (5098 e
sdnlio ol g 308 )55 slagi > PDo (fjee o2y b omlite
il 3L i 5 Vo IV 508 55 ol e (558 5 45

¢ JSs)

Gl sl ol 5l ot Lot (552053 sla 25y
4lS )3 o33 (6r98 Jlowd i pS (0 )8 O S g il alex 5l 550
3 ime GBI L 1) s YL OJIP slye o slaosly
o oIS pae Sl Fo 00 YU .ccih (5o oy
s (yiul3al opl e Johnson, 2000; Strasser et al., 2000)
3 9 JUi L ge el 85l 11 gt 55 551,
I smwgid ) (o550l a3l ply 4 5, Sles ials 3 QB 4 QA
15 » Fo oliee o955 YL (Falqueto, et al., 2017) 5o o
I oipgid & Juato DL (3059 0 ol e ) W5 o )3
o=y egde (Zlatev and Yordanov, 2004) ail 50,8 ,e5 5
3 69 ol Dol (bl A dawg pis (oo Sllas
& SialS g Laplangtd 5 el 1 )15 oo 18Ty oS,
(Ouzounis et al., asled, S 5,135 5 0,8 55 Cod |y jriwgid
wla uilioysld 54 YL .2015; Nozue and Masao, 2018)
7503 by S oy 598 )3 S (il jgld (prizmen 5 (Slee
CU3k g ol o s jl i pise & Cul Glas (pl b5
pu_w] 9 J_d9)l§ 9 w)Du .)l?u‘ bMDuLw.: J)‘yup 4 Bgud o0
Oliee 005 58S b s 30 Al (958 glaodiss cdl s WS
Sl (= g 338 (55 g 3 wdliee Jolye )3 (il jold
Sl 95 93 (] 3 5w gd i g (2hLS 9 Codlw
(Hogewoning et al. 2010)

1 s ilizes clacib oS and e olis alols mbs sUT
L oasyly gyls me 36 (FulFo) 11 pianswgid ol 45508 pitanns
LS laie fp eS dmodly 1 Sle dlie guls 4 ax g8
5 5 =l loyss 5 (FUlFm) I pigid ogilss’ 3 )Skos
9 Y~@'|:V~}_AJ§ y9= 4 bgoye lade o in g b SO
I piawgid O 43550 i (2,848 3> )lis ol 09 i
295 o5 g 39 S Ao 9 Te GV 08 )95 sllost Co
Soml 335 (S5l (0 JS5) 352 Jiis o S5 5 5o 3
rv_w.wy.‘) .))f)l_{ﬁ @9”4@1; ).ub .b‘ytsp ko Ja.:l)m FRRR
Zlatev ) 58 (¢ ptuwgd Cubdyls 13,5 dgdome 4y e g 3,10
oamdy s FulFm (a3 Li > iwls”.(and Yordanov, 2004
ol&wd dn &yl 5 1 piiuogid  olou g8 ()90 40 idlS
sol) s ! 3o salS (Shu et al., 2013) cul (s g
985 J99)lS degorme 13 A (y9-idsS sleal pis g
4SS Cawl 0db L5 olllles (Srivastava and Strasser, 1999)
Dy ylp8 je)B g e (Yol (o me 3 LS &



VoY 3aaly o o3od YV il (65,958 qulivn 3 pole) Sl pole 4 pdi  ATY

0.83 -
0.82 1 4b
0.81 -
0.8 be

0.79 - be

0.78 - ¢
0.77
0.76 -
0.75 -

FV}I{F“]

be

A Q < Q Q> Q
& N &
) ™ o)
= L
15 b
Light spectrum

ab
be

15 i
Light spectrum

s 521,15 (B 5 (FV/FIM ) TT picusussis ogilsS 3,5kt 521,15 (A Jobid OFTP Cans ;5 uibas o8 b S slo yiol sy 0 JSud
OLeSS 49 O b (598 Wb scid Cod aBl wly (IS a2 g0 olS 53 (FV/F0) T phagrgid Of @ 323

Figure 5- Chlorophyll a fluorescence of the OJIP-test including A) Fv/Fm and B) Fv/FO0 in the Salvia officinalis grown under
different light spectra with same intensity
(DMRT, p<0.05).
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Salvia officinalis grown under different light spectra with same intensity
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Figure 9- Leaf transpiration rate (E; A) and relative water content (RWC; B) in the Salvia officinalis grown under
different light spectra with same intensity
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