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Spectroscopy and Spectral Analysis
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BT, TAAE . FAW, HXE
L bl AR B e BEARBESE b s dERT 100097
2o AR A L) B SR % . LR 100097

W E OEADGEGEY L) d R FIUR IR K B i 3 3t T BS B IR0 1% i 25 43 A1 WK o 8 45 19 30 g
LED SUIR R4 i 1 i R HE A5 55 8 7 1k IR 7 R 9 6 1% H R (ICP-AES) , #F%¢ 7 5 min, 10 min, 15 min, 30
min, 60 min, 2 h, 4 h # 8 h SF A [f] W FA A L0, WG & Mg %t & & b K, P, Ca, Mg, Fe, Mn, Zn
M Cu %E 8 R FR TR WA R . 25 /R YT (1D SR G e, B A R 28 B0t 1k b 3L 1
EWRE TS E AR, e EREEEAN 18.6%0~67.4%, TEHESEEAN 5. 1%~
88. 0% 5 FTA W28 R 4L W 6 1% ML A F b T 85 /R I Mg, Fe F1 Zn JC % W AH Pk BB ¥R 3 B (p<<0. 05)
HOER G 5 T I L1 ST R O T A A AL B A [ R R AR T TS E A AR D Ca TR & R, (2) [HFESA 5 min
MLLIE ARG IE R RS E MMk Fe TR T REBE S THMME S LI, 5K H A4 BB m T 38.87% ~
85. 37 %0 oy A U I £ W D V) e SR St SR 380 T S E A AR X Fe JC R AL, (3) L1538 B ik A R T 4R
= EE R AR A SR, SAERMOEN RB AL, a8~ 82485 78S E RS,
HLRE R 2R, B R 4 B2 34. 3% ~87. 5% Fl 34. 6 % ~87. 9% ; Forv, [AI[ N 4 h (94T 1 3¢ 85 618 45 &t
TP AR G . B BE A R e, Ar R 6. 13 2. 01% . BRIEIFE S 5 R 10 min [ 21 i 28 B % 1k
I AL FA I H A SR G A FE R A RO . B RE R R SRR R E I B EM 2R . (O WA EXN
K il Mg 7 F 70 % B9 WOSCAE 21 85 06 28 B [l B 2 10 min, 15 min, 60 min }z 4 h SF 20N 2 HHEH AL .
(5) R/B(30 m)4b ¥ T it F & vh P, Ca, Fe Al Mn 55 PUFH T % (14 & 5 /K 7 35 522 904 38 18] e IR K 7. Hovh P
1 Ca JLE & /K 3% T %) B,

KR LEOLNE; FEIESOLEE; ICP-AESHA; WHBSE: BRoER
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B SCER LIRS F R R T B, S R LAk ot 1 R
AT S e 6 Y T I S A B D A SR R YT, RS [
FE B — Ol 1 SRR O AR — Bl B W A7 4 5 L) R kA
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TCF WL PR i R GE . B, A AR B R SR T
R A LED 21, ¥ 388 oh i S B K J s Ak A
B, BB T R SSR [ FE B 00 40 85 58 B b B, IR LA AT R
O [ BB Sy %] BR 32 P R R S A S IR T R O RS I
(ICP-AES)™), #5841, 1 28 B e il xh ot Fl S8 B 9 i oc %
W FIFR 2 R0 BIF ST R AR LT Yy RE M R S AR
RS EF 58T 08 55 O S E e R B . b o AT Y
NEL, WOLTEME R TR A K K & R R 0 A B O R e
1A A A0 Ty AR LR R .

s

1.1 #5448

A 7E Jb 5L TH AR 2% Be B B A HR B PO i A
NLGEIR Y LT BEAT . 30 AR g 43 3 i 85 B (Lac-
tuca sativa L. ‘Flandria’; Rijk Zwaan Co. , Netherlands) .,
BB ERFRHAEERSRPHETEN, 4 dEEHEAN
[ 2R B8 /K B AR A b o A T P e/ R B U 24/
20 C, 5= E 65%, CO, ¥k 700 pmol » mol ', FEHE %
BFW Y pH A1 EC 43 AR H57E 6.5 F1 1. 45 mS « em ' ZE AT
B Y. MR B RS 54 K (B B 40 o)
HEATWOIR I I 5 WOIR 48 77

AR 2L 8 AL, R B0 G IR R A AL 5T AR AR A B
R A H ARV P LR M LED Y6 WHE R 4. b
V8 3E A TP TR, 2RSS E RFEYER . ta i
L DL B b S A R R G A%, A 22 R BRI s A ) i O 4k 3
B, AL IR ANZR 1 BT7m , ik 8 AN AR AL, 1 441
WL B AL S e (R 54 e (B b, 205
W HER BN 200 pmol » m™* « 57 H AL 2|
W JE I e 4 % 2 Ry 180 I 20 pmol + m ™ * + s, B A
BN S EER O FRLES 9 ¢ 1, £L G IE(H I
K439k 660 F1 450 nm,

R1 AEZHRRABLE

Table 1 Light treatments of alternating red and blue light
sk 7 AN = ]
R/B(5 m) (R5m—B5m)xX96=16 h W 8 h
R/B(10 m) (R10 m—B 10 m)+--X48=16 h i 8 h
R/B(15 m) (R15 m—B 15 m)+--X32=16 h 1 8 h
R/B(30m) (R30m—B30m)=X16=16h W 8 h
R/B(60 m) (R60m—B 60 m)-+X8 =16 h K5 8 h
R/B(2 h) (R2h—B2h)--X4=16 h K5 8 h
R/B(4 h) (R4 h—B4h)--X2=16 h R5H1 8 h
R/B(8 h) (R8h—B8h):+X1=16 h 5 8 h
RB RB 8 h 54 8 h RB 8 h

RF AR FAIEA N E M WLE L EFGX
16 h MOGHIE ., 20, 6% 5 min YJ4e 1 3R, SR MZE N 96
Woed ', ABEAE R/B(GS m), [A) BT . W 5% 3¢ %5 18] B i) ]
>4 10 min, 15 min, 30 min, 60 min, 2 h, 4 h f1 8 h 23 H|iC/E
R/B(10 m), R/B(15 m), R/B(30 m), R/B(60 m), R/B(2

h), R/B(4 h)FI R/B(S h) St Y B B i) 21 1 5 5 8 43 48 )
Sy A8 L 32 KL 16 IR 8 KL 4 KL 2k 1 IR, Lot
[ e (56 19 AL B D %) B3O RB. 56 40 BILI] 19 56 8 KO
FEHE AR 2. BRI AL D6 R I O B A0 B RB 45 K A9
W 8 he XN T ZAL BEAR D ok R 5 At 52 R 2 i O Ak B
BA RS i B A SRR L A

®2 BRIIEAASMREEE
Table 2 Daily integral photons and electric

consumption in treatments

H R2BOLL T8/ (mol « m™*) H =B
4k R )
£t Bk ROBRTH FERE/MI
R/B(5 m) 5.18 0.576 5.76 3.30
R/B(10 m) 5.18 0.576 5.76 3.30
R/B(15 m) 5.18 0.576 5.76 3.30
R/B(30 m) 5.18 0.576 5.76 3.30
R/B(60 m) 5.18 0.576 5.76 3.30
R/B(2 h) 5.18 0.576 5.76 3.30
R/B(4 h) 5.18 0.576 5.76 3.30
R/B(8 h) 5.18 0.576 5.76 3.30
RB 5.18 0.576 5.76 3.30

1.2 EFEHWR

JEA A AU S B D & SR A O B Y (model-1400, LI-
COR, USA); J&i% il i 5% ] USB650 & % 1% 4% ( Ocean Op-
tics, model-SD650, USA), ¥+ i fl & 350 ~1 000 nm,
LED £ %0 B 9% Ky 660 nm, OGP KK 450 nm; 4
Jo% 70 3R DR ) A SRR 5 45 8 R R I 6 i { (TCAP 6300
ICP-OES Spectrometer, Thermo Fisher, USA), JaiE{Y 4 1
He BESEETFE 1.0 mL s min ' 3K 0.8 L+ min '; 4B
0.5 Lemin 'y $EIK 15.0 L e min ' B kAR
1300 W,
1.3 nERERRREMZ

PRI 0. 50 g B4 AR G T I A4 b AR i R Ay S 1R
BIRAHR 15 mLUARLL Jy 4+ 1D TF 180 CiH#& 6~8 h B
WHGE T A, B )5 IR LB K E A E 50 mL,
DA TRVBE ) T 3k 1 45 25 13 0T R . i R R s S R 2 R 1 G i
BAbs b LT STRARERI B B Z AR Bt

Wit R Rl vk B2 1 K, P, Ca, Mg, Fe, Mn, Zn #I Cu 7¢
R METE W . AU R PTG R W 3, R 3 Bon, Wi
W B 5 WO BE R AT R R PE DG R AR A - 7E 0. 998 3~
0.999 8 Z[a], AHX4RE(m2E RSD 2y 0. 23 % ~0. 74 %,
1.4 HiELE

mett MR ITE S Bk [7], 846k  Excel, DPS
9. 05 BAFHEAT G T 4347

2 HR5IHE
21 ZERWXMAHE B ERTERGE NS

Hie 4 MR 5 AT 0L, SRR LLE OG T IR S X o B8 A A
W R LR E R KA BB, R/BG m) T Fe
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x3I BREEDMEREK. RAERRE.
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Table 3 Wavelength, standard series solution, correlation

coefficients and relative standard deviation

g I e gy MR RSP
K 766. 490 0,0.1, 1, 10, 100 0.998 9 0.41
P 213.617 0,0.1, 1, 10, 100 0.998 6  0.39
Ca 317.933 0, 0.1, 1, 10, 100 0.999 8 0.23
Mg 279.077 0,0.1, 1, 10, 100 0.998 3 0.63
Fe 238.204 0,0.1, 0.4, 1,4 0.999 2 0.38
Mn 257.610 0,0.1,0.4, 1, 4 0.9989 0.74
Zn 213. 857 0,0.1, 0.4, 1, 4 0.998 8 0.55
Cu 324.752 0,0.1, 0.4, 1, 4 0.999 1 0.53

TRGEDHERTHMAT AT, Mk Fe XHE & ER LA
AL PN T 38. 87 % ~85.37% . AR INAL . WG e IR 5
R T S E A AR X Fe I8 2 i, 5 20 W% ok A A i
ARG PTA BILL ., 6 AR OG 5 48 S b 3 4 AN ) 2 b R AR T

MHASERETS Ca TR G &, R/BA0 m) 403 T 0t i S E
K ST & K P 78 AL 3 A 2 s (IR {H g 55.08 mg - g '
Mg TR ST A R EEN 479 mg- g ' R, R/
B(15 m) A #F, K S0 &R & & /K 78 40 #1 H) % v 1 Mg ot
FEH R A A A, shAh, b FR AR OK R K 6 &
E B R/BU )T R/B60 m) AR, 435k 55. 52 F
56.97 mg+ g ', 5 R/BA0 m)bHF KItER & E/KFTLE
EEES, R AT 1 Mg S0 #E & KUK T R/
BAOm) T, A5 B EEER. XfEEH T
K &7 X Mg & TP E0W, KX & 788 M35 ae
J158 T Mg, KU AYg AR 3 80 Mg I3 m . 25l R/
B4 h)4b 3R i 58 B A Mn o 3R & 4 K 7 78 Ak 3R] 5 5
M Zn JCE & & g A0 A (9 5 A% P RE A7 76 B 1 W o 7 v
M5 PLRLN . BEAh . R/B(8 h) b B AEBR K Y Zn Al Cu JC %
B K B T AT AL B L AR IR B T 54. 0%
F1103.6% ., R/B(30 m) A3 F it 55 & 1 P, Ca, Fe #l Mn
SEPUFP T Y A K T2 2 AL B R 5K OK O, Hod PR
Ca LR & /AP BEMT A,

F4 FRAZHRLELETHAREFXAELEGE(ng - g ', n=3)

Table 4 The content of macroelements in Lactuca sativa exposed to different alternating spectrum

Ab B R/B(5 m) R/B(10 m) R/B(15 m) R/B(30 m) R/B(60 m) R/B(2 h) R/B(4 h) R/B(8 h) RB
K 70. 7T4a 55. 08¢ 71. 28a 64. 89b 56.97c¢ 65. 68b 55.52¢ 70. 34a 65.47b
P 7.67ab 7.52ab 7.02ab 6.51b 8.3%a 7.95ab 7.79ab 7.51ab 8. 10a
Ca 12.57a 11. 75ab 10. 99b 10. 96b 12. 80a 12. 20a 12.21a 11. 83ab 12. 89a
Mg 4. 04b 4.79a 3. 15¢ 3. 60c 4. 65a 3. 76¢ 4. 38ab 3.48¢ 4.12b

1 SR F/NG TR FRR 0. 05 K257 8%, T

Note: Values within a row followed by different letters significantly differ (by Tukey’s test, p=0.05), the same below

RS FARAXBRLELETHAREFRELESE(pg- ¢ ', n=3)

Table 5 The content of microelements in Lactuca sativa exposed to different alternating spectrum

b B R/B(5 m) R/B(10 m) R/B(15 m) R/B(30 m) R/B(60 m) R/B(2 h) R/B(4 h) R/B(8 h) RB
Fe 219. 28a 136. 15bc 161. 40b 118. 29¢ 126.49¢ 157.67b 157. 90b 145. 83bc 142. 89be
Mn 171. 78a 108. 27d 124. 06¢ 108. 62d 146. 70b 123.79¢ 175. 26a 126. 22¢ 121. 68c
Zn 22.24b 19. 79bc 21.54b 19. 18bce 20. 68b 22.81b 18. 60¢ 33. 24a 21.59b
Cu 2. 64bc 3.05b 1. 63c¢ 2.63bc 3.05b 1. 93¢ 2. 60bc 5. 15a 2.53bc

2.2 ZERXEMMHTAZEEYENEM

&6 UL, S Faf ot RBALFEA L. i 1
LROGIEY RS T R S B AR R, e
FNEEE LR 18.6% ~67.4%, THIZEIEEL A 5.1% ~
88.0% . R/B(4 h)AbH R AR bR b 38 43 A=y & e v, T2 AN
T 4> 3K F) 125. 82 1 5. 32 g, R/B(4 h) &b R A= 7= B fif
T 5 R S T O F RO BRI A R 1. 73 mol - g '
BEXf B RB AR T 46. 805 JIT 1 4G Y R Al TR RF 2 Ak B ) J5¢ A1
H0.99 MJ » g ', AT ER RBIRAL T 87.9% . H K, 54 i
Ot Al B BE S AE L 21 W A B S i R A R T R v e B E
Dy D31 3 e S S e s e AN ek = A (L)
AR5 (R B AL 56, o RIBg O 4 h 20 s Bk ik a4 T
6 R E R R R AR R

2.3 ZEAXAENMHAREAENRENEIN

B3R 7 WL SR T T v S 1 O e R R AN RE A
FRE—EWEH. S FRNM6H REB AL, A
LA R T E ML AR R, REE
BEAY MR 34. 3% ~87. 5% Fl 34.6% ~87.9% , FEL ¥k
TEARHEZ ), R/B(4 h) AL BRSO . L RE R R Y
KB KAE . 4F 31 6. 13 % F1 2. 01% , R/B(G m) Hl R/B(10
m) A0 R TS O BRI R AR T R R, i
fhAE B i AL BT A A S E . A RE R R 5 i B R E T
BENER,
2.4 XBREWNHAREERTZERENEMN

B 8 MK 9T, KREJTTE P, HIbk bR R0
RN F 2 K>Ca>P>Mg, fiif J0 %K 5k 5 BUE 19 = AIL 0
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F6 TRAXBARELETHAZEM LA ENE
RERTHRAEHEFNREE

Table 6 The shoot biomass of Lactuca sativa and the
consumption of photon and electricity in different
alternating spectrum treatments

bR b Hkkd  BATYR R TYR
fb 3 J:;HS J:u’ﬁ E?%'%H’J Hﬂﬁﬁﬁ’]
%/ TE/ ObTH/ e/
g g (mol+ g™ 1) (MJ«g 1)
R/B(5 m) 89. 19bc 3.97b 2.32b 1. 33b
R/B(10 m) 98. 43b 3.81b 2.42b 1. 39b
R/B(15 m) 103.74b 4. 80ab 1. 92bc 1. 10c
R/B(30 m) 115.50ab 5.06a 1. 82¢ 1. 04c
R/B(60 m)  109.54b 4. 48ab 2.06b 1. 18bce
R/B(2 h) 115. 46ab 4. 79ab 1. 92bc 1. 10¢
R/B(4 h) 125. 82a 5.32a 1. 73¢ 0. 99¢
R/B(8 h)  112.34ab  4.41ab 2.09b 1. 20bc
RB 75.18¢ 2.83¢ 3. 25a 1. 86a

¥l Fe>Mn>Zn>Cu, 5 [ IR BAH L, 328 4 ok
HECSRF TR I P 5 A P T A 0 3R P B bk R AR BT 4R e
t Mg, Fe il Zn 705 f #k 2R 1048 8 15 31 8 K1 (p<<

0.05), K Fl Fe JC & M AE #k B 43 BILE R/B15 m) il R/B
GCm) B TFEe. BEmm TR, 4l fiEgs T
84. 7061 115. 3% 5 Zn il Cu st R WM bk REE £ R/B(8 h)
PR e, W A TR, 2 BT IRAR R T 140. 0% A
217.3%; P, Ca, Mg Ml Mn JC % (4 bk BREURAE R/B4 h)
PR R R, B TR A IR T 70.0%
67.4%, 88.0% 1 154. 5%,

x7 AEAXBERELETHABRERENAE
Table 7 The energy use efficiency of Lactuca sativa in

different alternating spectrum treatments

fib #g JEREFI IR/ HL RE 2%/ %
R/B(5 m) 4.58b 1. 50b
R/B(10 m) 4.39b 1. 44b
R/B(15 m) 5. 54ab 1. 82ab
R/B(30 m) 5. 84a 1.92a
R/B(60 m) 5.17ab 1. 70ab
R/B(2 h) 5.52ab 1. 81ab
R/B(4 h) 6.13a 2.0la
R/B(8 h) 5. 09ab 1. 67ab

RB 3.27¢ 1.07c

®8 FRZHRELETHARERAETELKRERE (mg - plant 7', n=3)

Table 8 The accumulation of macroelements in Lactuca sativa exposed to different alternating spectrum

b 7 R/B(5 m) R/B(10 m) R/B(15 m) R/B(30 m) R/B(60 m) R/B(2 h) R/B(4 h) R/B(8 h) RB
K 280. 84b 209. 85¢ 342. 15a 328. 36a 255.23b 314. 59ab 277.60b 310. 21ab 185. 29¢
P 30. 43bc 28. 66¢ 33.69b 32.94b 37.59%a 38. 06a 38.93a 33.13b 22.91c
Ca 49. 89bc 44. 74bc 52.73b 55. 46ab 57. 33ab 58. 42ab 61.05a 52.16 b 36. 48¢
Mg 16. 06bc 18. 26b 15.10¢ 18.21b 20. 85a 18.00b 21.92a 15. 35¢ 11. 66d
R TEAXBAELETHARTEFRELTETAKRRE (ng - plant ™', n=3)
Table 9 The accumulation of microelements in Lactuca sativa exposed to different alternating spectrum
Ak B R/B(5 m) R/B(10 m) R/B(15 m) R/B(30 m) R/C(60 m) R/B(2 h) R/B(4 h) R/B(8 h) RB
Fe 870. 55a 518. 73¢ 774.71ab 598. 53bc 566. 67bc 755. 23ab 789. 50ab 643. 11b 404. 38d
Mn 681. 95b 412. 50cd 595. 49bc 549. 64c 657.23b 592. 95bc 876. 28a 556. 63¢ 344. 34d
Zn 88. 28bc 75.40c 103. 39b 97.03b 92. 66b 109. 25b 93. 00b 146. 58a 61.09d
Cu 10. 50b 11.61b 7.84c 13.28b 13.67b 9. 26bc 13.01b 22.72a 7.16¢
b EERA L 4R TR T A RE R IRCE & Mg, Fe Fl Zn
34 © JUE WA AR BB [F) AN TR Ml R AR T A AR R Ca TR

) 00 5% 00 WM A7 B SC R BT MRS e, o S A 4 i A
JERE 15 S RUR] A A 32 3144 N 38 3% 00 2 R 2 BOKSF 1 B
Bl Fe oA T4t i % . AR EH LK Fe-
S H MRS s Cu b A o T % 3 4 vh 5 1A 1 2 19 4
B4y Mg ot AR g Z i EE M4, Mn 12564 1R H DG
K B A ARV YE R, P AER T ATP Ay 2k
L

ARWFIR R, L0 W6 T X it 55 1 8 FR 0 E R
ORI B S T OIS SRR B R CEM AR R, 5
[ i BRSO B T 1 S8 B S i 1 3 1 T S

S, 5 min MIFAYLL ., WG I . A ERE Fe ST R R IL
AENEHE, T 30 min [ AYLL . B IEASE IR T AR Py Ca,
Fe FIl Mn 5§ 70 AW W03z B0, BRI 20 . s 61 /E i F it
FHBSE TR R i R R A BRI A . SR, 3 — R ot
RME, RUWRB TR SRR R 520, #3886 M iR
B[] A B B DE /SR DR 56 R . 20, W OB A9 AH B4R A AL 4K
RER, WIRESL., RO G55 A C, 4R
Wa G S ' B2 AR B T AR O I B ' A7 MR AR AL R A
NELEZ A E A R (phyA—phyE) . 1B 5 %516 Z 1k
BBtk (4 % (eryl—cry3) FGEH & (photl, phot2)™', 41,
WO T AT X S A7 R S AR TP T R, Xk R
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TEARF A BTG SR R R EORE T RA B PRSP R, SR E R AE S ORI R R A A [R] i 26 50 2 Y 1
SRLL . ORI TOURRRIG B R REA R TRA L WHAES L., BB nE T RAAR. BkMS.
T WMEE AR, Wt ULl SO S, R TR 7 TR A AT T, 40 B S OL I XSt
TEAG S AL SO o 3 2 o) i A 40, B AR RO RT LA B T SS E R A BT R ORI AR SR T A R AR T X X )
L. B SR R MRS BB PE A, waTaE REPEESR A A BA —E I 5 5L
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Effects of Alternating Light Spectrum on the Mineral Element Level
of Lettuce

CHEN Xiao-li', WANG Li-chun', LI You-li', GUO Wen-zhong' **

1. Beijing Research Center of Intelligent Equipment for Agriculture, Beijing Academy of Agriculture and Forestry Sciences,
Beijing 100097, China

2. Key Laboratory of Urban Agriculture (North China), Ministry of Agriculture and Rural Affairs, Beijing 100097, China

Abstract Lettuce (Lactuca sativa) was cultured in a completely enclosed plant factory and irradiated with an intelligent LED
light system with accurate regulation of spectral space-time distribution. Absorption and content of eight mineral elements such
as K, P, Ca, Mg, Fe, Mn, Zn and Cu in Lactuca sativa exposed to alternating red and blue light spectrum with different
alternating intervals were studied by ICP-AES technology. The results showed that: (1) Compared with concurrent red and blue
light spectrum, all the alternating spectrum treatments increased shoot biomass of lettuce, the increasing range of fresh weight
and dry weight was respectively 18.6% ~67.4% and 5.1% ~88.0%. All the alternating spectrum treatments significantly
increased the accumulation of Mg, Fe and Zn in the lettuce plant ( p<C0.05); all the alternating spectrum treatments decreased
the content of Ca in lettuce to different extents. (2) Fe content in lettuce subjected to R/B(5 m) was significantly higher than
any other treatment, increasing by 38.87% ~ 85.37% compared with the other treatments. Alternating red and blue light
spectrum with high alternating frequency seemed to stimulate Fe uptake by lettuce plants. (3) Alternating red and blue light
spectrum enhanced the use efficiency of light photons and electricity by lettuce. Compared with RB, all alternating treatments
significantly improved the light and electric use efficiency of leaf lettuce by about 34. 3% ~87.5% and 34. 6% ~87. 9% ; Among
them, the light and electric use efficiency of leaf lettuce were both the largest under the alternating treatment with an interval of
4 h, which were 6.13% and 2. 01% respectively. Except for the alternating treatments with the intervals of 5 m and 10 m, no
significant difference existed in the light and electric use efficiency of plants among the alternating spectrum treatments. (4) The
absorption of K and Mg by lettuce showed antagonism under the alternating intervals of 10m, 15 m, 60 m and 4 h. (5) The
contents of P, Ca, Fe and Mn in lettuce treated with R/B(30 m) showed the lowest level among treatments, and the contents of

P and Ca were significantly lower than the control.
Keywords Alternating light spectrum; Discontinuous spectrum; ICP-AES technology; Lactuca sativa ; Mineral element
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