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Mechanism of reduced insecticidal protein expression in Bt cotton under
low-iron stress based on transcriptome analysis

WANG Yong—Hui*, HE Jiang, ZHANG Xiang-Xiang, LOU Xiang-Di, GAO Jing, SUN Yan-Ru, CAO Ting,
and SHI Yang

Institute of Agricultural Sciences of Jiangsu Coastal Area / Observation and Experimental Station of Saline land of Costal Area, Ministry of Agricul-
ture and Rural Affairs, Yancheng 224001, Jiangsu, China

Abstract: To provide a theoretical basis for the safety of insecticidal efficiency in Bt cotton, this study investigated the effects of
low iron on Bt insecticidal protein content and the physiological and molecular mechanisms in Bt cotton. Transgenic Bt cotton
cultivar Zhongmian 50 was grown under low iron (LI, 0.1 pmol L™ Fe(II)-EDTA) and normal iron (CK, 20.0 pmol L
Fe(I)-EDTA) conditions in hydroponic culture to assess the impact of low iron stress on Bt insecticidal protein content, activities
of nitrogen metabolism-related enzymes, and substances in cotton seedlings. Differentially expressed genes (DEGs) were
screened, and their relative expression patterns were analyzed by high-throughput sequencing, with results verified by qRT-PCR.
The results showed that, compared with the control, the insecticidal protein contents significantly decreased under low iron condi-
tions, with a more pronounced reduction in roots than in leaves. Iron deficiency decreased NH, -N and NO;-N levels in leaves
and reduced soluble protein and nitrogen contents in both roots and leaves. Significant reductions in the activities of nitrate re-
ductase (NR), nitrite reductase (NiR), and glutamine synthetase (GS) were observed when Bt insecticidal protein contents in roots
and leaves were significantly reduced. High-throughput sequencing identified 11,661 DEGs in roots and 8972 in leaves, with 1652
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genes down-regulated in both organs. GO annotation revealed that the functions of the differential genes in two organs were

mainly concentrated in response to stimulus, cell wall, plasma membrane, binding, and catalytic activity. KEGG enrichment

analysis demonstrated significant changes in phenylpropanoid biosynthesis, phenylalanine metabolism, cysteine and methionine

metabolism, plant hormone signal transduction, zeatin biosynthesis, nitrogen metabolism, starch and sucrose metabolism, alanine,
aspartate and glutamate metabolism, and tyrosine metabolism in both roots and leaves. Genes coding for NR, NiRI, and GLTI

related to the nitrogen reduction and assimilation pathway were significantly down-regulated under iron deficiency treatment.
Therefore, low iron stress inhibits the transcription levels of genes related to nitrogen metabolism in Bt cotton, weakens the
physiological activities of nitrogen metabolism, and subsequently reduces Bt insecticidal protein.

Keywords: Bt cotton; insecticidal protein; low iron; transcriptome

WAL i 26 3K 75 2 4 ZEFLAT B (Bo) A HU2E 11 v
0 R A X B B, s A A AR
FHRWEE, WA AN AR, CERILAE™
LR M 20 22 90 AEMRTTAE, 3o 4 A
B AR B T BHGE T, & 2008 AEE AL 200
Z N, 5 A E R AR AR E AR R DA b, BUS T
WS KU RIAESRE . SR, URARA
WA Bt A R A RBATRE, 25 ZINEAR T
BRI Z 520, TR A Ok . m AR R
W, BRANAMRIRIEEE . TR YRR
BN, BIRITEM 7 B ERE S 1 B Bt ff R LR
HE RS RS, 40 Chen ZEMHF5E &P, 1RA
Jir i 2R Bt AR UG, B8 FBTA LT B T 43 A i
P, FH BARRE h R REARBEN N,

BEMYERKRSEBEVTHNMEY TR, 7F
Wy B AR5 0 T S e b e P OGRS, R AR
PR, NS 5 Y DNA 16 M Bk
KB, S5 2RI EER . PEIRAER
B RAERPO, R i ER 4 39 P Skl W AR
{5 32 22 D R O X VA P A (B R AL W I TE A7 7
FIE 815 AT 0 PR SO D 1 A A8k i A1 . oAk HE gl
JE— A BRI R, R R AR M R A A KT
AR - P T O AL, EERKZY 40%09 T BFH E
A 0 #0212 Bk R
2l it 2 A A, 1 HR 258 W AE Y A R
WL, e i AR AL S ARG 2l JoAH 56 Ik R Y e ik K
. Borlotti ZEPIRFFEINR, #RAD Bk, AR AN
I 5 H Y R 30 G P B R AR, T A A
Jhie 5 S I R A SR A 1 T 1 ORI B R ) mRNA
TRKFRET . Li FUF5E B, RS
JLZE I v i o 30 S g A A 2 R A R R 1, JF R
WS 5 AR E I Rk, FBRAODLAT L 4
AAAEMEA SR, BARM AR O RABRE R
TR XVEY AR AT B, (AT SRR
EXF Bt MAEEEE Y R G FAR D, Bt &

BEAE-FEEEA, EVEARATZ—,
by R AR VR B /AR s m Y B , FRATE
VAR 18 25 52 m B 2R AU, R 520 Bt A% i
HEHBRIA

B SEALIN Y (RNA-Seq) LA sl it | fINA . &
K B AR, RE AT PO M AR U W R A . 18!
BB PR E R T 4 R 2R SR AR R,
BARAKCE R R R W eE s B i sy AL, E
3z O TR A L 3 W 3 e S8 BT A RIS
PRI, AR SCA A= BRAC I FEE SE 4L 0 M f EA T, 18
FEARA I 38 KT Bt A 2 HUER 1 3R 3K 09 52 M S H AR SC L
i, DA AT dUi e 4 AR 7= P AR AL e AR B .
1 MRE5EHE
1.1 e 5t

RET 2022 4F 5 A & 6 A eI R0 ik e
Wi = P T . DI Bt HrlAeh i 507
R R, EHIR/N A B, e TC AR AR
P, RAVEEEHATE N I 2 d R HE—
R A R BOK B OB & (10 L, 35 emx25 cmx
20 cm), WANERELE LA 12 LAY IERMR . H
IEH Y 1/2 Hoagland B FRWIEAT 1 RS, &4
WG AL e AR T 1 MRIT AT IRk g b

Pl Fe(11)-EDTA SAERUE, 5B AL (LL, 0.1 pmol
L )HITE %2k (CK, 20 pmol L") 2 ANk BE, Hifth s
FICE MU H 500 pmol L' KNO;, 250 pmol L™
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H1 e 5t UK AR U5 AR YRR A BR A | EAT AR R
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M, IR R g Oligo(dT) A ER & 4 &
RNA #1474 polyA 451 mRNA, R H & FFTWrH
7720, K RNA FTWr8I K 300 bp Z24G W B, LA
RNA WM, F 6 BRIERAHLS |4 F030 5 S il A Al
cDNA 55 —4f, LIS —5E cDNA MBI 75 —
% cDNA & . SCREMESEME, R PCR ¥
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0.05, fiikEsE G, # 4 L) 2 AT k411
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B KEGG (Kyoto Encyclopedia of Genes and
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2 HE ARy 25 S B R SR A AR
1.5 E=REEH qRT-PCR WiE

PL ACTI4 AF NS, vefe S A G
4 ANERIEFNFERIFRF, FIAELTH Primer
5.0 BT B R 519, SIYFS) WK 1.4 SYBR
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2 HR5SMH

2.1 REHEX Bt iR T EMHFEEFS=MN
TEARER 0 20 F, Bt AR KAz 23, A
AT W R, SXFIRA L, BEARE . it

i FH HISAT2 #3385 19 Reads LUXTEIAH WSS 705 FRE 28.7%F1 32.6% (B 1-A). IRk
F1 EMREE=ESY
Table 1 Primers for qRT-PCR
B [H 44 B E 5149 LR S ID
Gene name Forward sequence (5'-3") Reverse sequence (5'-3") Gene ID
ACT14 CTGGAGACTGCCAAGAGCAGCT CCGGGCAACGGAATCTCTCAGC
NR GAGCATATCCCGGTGGGTTC GCTGCACAGCGAACTGAATC Gh_D02G0815
NiR1 GGGGCAGACATATTCTTGGGA AGCTCCAAAGTGTTCCACCA Gh_A13G0352
GSI1.1 CAATTCGTGTTGGGCGAGAC CAAACATGGGCTTCCCCTCA Gh_A13G0512
GLTI CGGAGGCTTGTGCTGAGTAT TCTGTACAGTGTGGGGCAAG Gh_DI12G2422
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Fig. 1 Effects of low iron stress on dry weight and iron content in the roots and leaves of Bt cotton

A fIREN B ARARFII - T E S0, B ARERA B AR B T B . CKe W IRAR IR LI RERALIE . ARG 52 ERR

Ab P 8] 22 5 .3 (P < 0.05),

A: effects of low iron stress on dry weight in the roots and leaves of Bt cotton; B: effects of low iron stress on iron content in the roots and
leaves of Bt cotton. CK: 20 umol L' Fe (II)-EDTA; LI: 0.1 umol L' Fe (II)-EDTA. Different lowercase letters represent significant differ-

ence among treatments at the P < 0.05.
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Fig. 2 Effects of low iron stress on insecticidal protein content
in the roots and leaves of Bt cotton

ARERRPE 1. RIR/NG SR 3R A B 25 5 (P < 0.05).
Treatments are the same as those given in Fig. 1. Different lower-
case letters represent significant difference among treatments at the
P <0.05.
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2 REKAIER Bt BRI R BT REE. THERTREE. SEMERENEBINS SRS NS m
Table 2 Effects of low iron stress on nitrate reductase (NR), nitrite reductase (NiR), glutamine synthetase (GS) and glutamate syn-
thase (GOGAT) activities in the roots and leaves of Bt cotton

A E /bR

Nitrate reductase activities

T T A0 o it 0 11

A% G M 5 B I

P il T3 Dt 7 1

Glutamine synthetase

Nitrite reductase activities

R E HE P

Glutamate synthase activities

Organ/ treatment o o activities o
(umol g h) (umol g " h™) (AAg'h) (pmol g min )

& Root

CK 335a 7.85a 0.77 a 0.76 a
LI 2.79b 6.97b 0.34b 0.44 b
M A Leaf

CK 513 a 10.82 a 0.86 a 1.02a
LI 3.54b 9.03b 0.83a 0.81b

ALPRIFE 1o ANR/ING SRR b PRIE] 2 5 35 (P < 0.05),

Treatments are the same as those given in Fig. 1. Different lowercase letters represent significant difference among treatments at the P < 0.05.

F3 REEX BtIBRIMM AP ESR. BAR. UFHERNLES=ENEM
Table 3 Effects of low iron stress on NH,*-N, NO; -N, soluble protein, and N content in the roots and leaves of Bt cotton
"*;Sfj ?stj Al s M ry AL /:‘/\ﬂ
P 3 +§L SR T{%ﬁ%ga; EREE
NH4"-N NO; -N Soluble protein content N content
Organ/ treatment \ . ) ,
(ngg FW) (wmol g FW) (mgg FW) (mg g DW)
& Root
CK 6.6 a 134 a 12.7 a 41.4 a
LI 6.8 a 14.1 a 9.3b 35.8b
I F Leaf
CK 132 a 26.4 a 213 a 57.1a
LI 10.3b 17.6 b 17.8b 51.8b

AEPRIFPE 1o ANR/ING Rk 7R AL PR 22 5 35 (P < 0.05).

Treatments are the same as those given in Fig. 1. Different lowercase letters represent significant difference among treatments at the P < 0.05.

R4 HRANFERBIERITSHF

Table 4 Statistical analysis of transcriptome sequencing basic data

B FRBE  ATROHR EUSIES e Q30 GC ik
Sample Raw reads Clean reads  Total mapped rate (%)  Uniquely mapped rate (%) (%) GC content (%)
RCK 1 46,179,118 45,290,042 98.13 93.01 94.27 42.77
RCK_2 47,909,866 46,989,512 98.17 93.05 94.05 42.76
RCK_3 46,776,936 45,955,806 98.20 93.17 94.41 42.73
RLI_1 36,534,072 35,735,176 96.03 92.59 94.18 43.28
RLI 2 42,611,888 41,690,972 96.02 92.72 94.18 43.29
RID_3 36,994,328 36,155,932 95.98 92.77 94.03 43.30
LCK 1 47,984,028 47,017,502 98.50 91.19 94.25 44.13
LCK_2 54,041,314 53,158,296 98.55 92.01 94.24 44.13
LCK_3 45,829,824 44,978,082 98.55 91.28 94.13 44.15
LLI_1 37,090,636 36,270,280 98.48 91.46 94.09 43.65
LLI 2 46,722,582 45,791,778 98.49 91.67 94.26 43.65
LLI 3 50,516,840 49,554,758 98.46 91.53 94.34 43.62

RCK: XfM&MR; RLL: fREMR; LCK: X} &N J; LID: fIlR&kn A .
RCK: CK roots; RLI: low iron roots; LCK: CK leaves; LLI: low iron leaves.
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Fig. 3 Differentially expressed genes (DEGs) under low iron stress

A: FARTTIEE DEG $i; B: 253K 83K Venn B, FHE Ak 4,

e [ B8 5 AR A o 1 AL
26 ERRZEEEAMGOIFREESE
RG22 AR AT GO ThReT R, 4
Gk 3 A FEEIGESA]: ST IEE . Al
Yyt . W& 5 "%, RCK vs RLI A1 LCK vs LLI 2
Xof He A 2 2 S BE TR 35 R AR T 20 1Y GO 45 H A 17
A% BAA R . 2 B0 B s AR T ORI S
(GO:0050896) ., 4fi fifi B (GO:0005618) . Jii i (plasma
membrane) . 45 A (GO:0046906) . %A fk i J7 g 1
(GO:0016491)%5 AR it j# .

B
RCK vs RLI LCK vs LLI
5339 1333 4134

3337 1652 3186

A: numbers of up-regulate and down-regulate genes in each sample; B: Venn diagram of differentially expressed genes. Abbreviations are the

same as those given in Table 4.

*5 EFFIEEFEM GO IR
Table 5 GO annotation of differentially expressed genes (DEGs)

RCK vs RLI LCK vs LLI
GO & GO Mk BILHEH S 2SI EH GO 24
GO ID GO function Total numbers DEG numbers in DEG numbers in Category
RCK vs RLI LCK vs LLI
GO:0071555  4ijRELH LY 1433 349 319 BP
Cell wall organization
GO:0071554  Zu e 2H S s E W k2 1904 447 398 BP
Cell wall organization or biogenesis
G0:0050896  Hil 3 ) i 15,817 3040 2434 BP
Response to stimulus
G0:0009725 X E By R N; 5317 1134 885 BP
Response to hormone
GO:0055072  #kES T VAl 148 62 50 BP
Iron ion homeostasis
G0:0005576  HIAMX 2833 733 588 CcC
Extracellular region
GO:0071944  ZHfE AN 9137 1803 1528 cc

Cell periphery
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&L S)
RCK vs RLI LCK vs LLI
GO 5 GO hg BIEHEEEH e S R HAH R IEHHHE GO 241
GO ID GO function Total numbers DEG numbers in DEG numbers in Category
RCK vs RLI LCK vs LLI

GO:0030312 AR 2454y 1816 466 387 cc
External encapsulating structure

GO0:0005618 4l fig ks 1775 453 375 cc
Cell wall

GO0:0005886 i fift 7785 1470 1263 cc
Plasma membrane

G0:0031226  JE R (% PN 7E L4 922 237 224 cc
Intrinsic component of plasma membrane

GO:0031224 Ay I TE LS 10,103 1841 1646 cc
Intrinsic component of membrane

G0:0031225 sl 44 412 122 125 cc
Anchored component of membrane

GO:0003700  DNA 254 #e sk H itk 3821 899 644 MF
DNA-binding transcription factor activity

GO:0016491 A ALk RS P 3512 827 671 MF
Oxidoreductase activity

G0:0046906  PUMLI%ZE4 863 246 194 MF
Tetrapyrrole binding

G0:0020037  IZI K454& 736 236 156 MF
Heme binding

BP. CC. MF 7 illfRFEAEY 2R . AWM . 5 FIiE

- HWEFE4,

BP: biological process; CC: cellular component; MF: molecular function. Abbreviations are the same as those given in Table 4.

27 EZREFER KEGG EES

KEGG 4553, RCK vs RLI 4 ) 22 55 3 R 4%
EAEF] 123 55 KEGG il i I, FHh Ay 45 S % 3%
w4, LCK vs LLI 42 R Mg £5 121 4
KEGG i #% I, o 37 F% ik i 25 w48 . X 4R
JE H 35 R 30 Al 1T KEGG & R 2 (& 4)
I, 2 % LA A 22 S R AR e RN e R B W
B RN Rt AR . N
R . RAEMMAATRICH . MR . MY
?Ev%% FARZEAEYA B TERFEEREAC SR

B ESE, KU, BOARTTRBE BB PR
QHWﬂE%%%%ﬂﬁ$ﬁhﬁ%%ﬁo%%,
AR R W AR AR AN bt [a] 2 w4, R IUIK
B B T R ko) 9 U SR ) B R B
ik,
28 REREHEXEREERESH

FE DA TR AR B F 8 5 1 1 W IR A% i 2 AR
#51 T HE IR L% 12 85 M (nitrate transporter, NRT)%E
F G M8 35 3 4 (ammonium  transporter, AMT)3
R MRS Bt M xRk s T~ & 2 5%z 1w [
BL, A% SO 1R 8 5 12 28 11 RV B e i A R DR 1Y

2% S B L HEAT 43 A, O G 3R GK R R AT HRR] 2
(Bl 5). HHIE 5 RN, IR G 52 ma i R AS IR Eh 4% i
& 2 FK % (NRT2) 3 H £ ik K ¥, NRT2.1 (Gh_
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Fig.5 Heatmaps of differentially expressed genes (DEGs) related NRT and AMT family
45 G [F] 3 4. Abbreviations are the same as those given in Table 4.
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Table 6 Relative expression profiles of differentially expressed genes (DEGs) in the nitrogen metabolism pathway

RSN IR DR O
Y == VRV =
Zezzzz §8§8443
B5 REXEHEXESFERREAE

Gh_A07G0650AMTI.3

Gh_A10G0956AMTI.1

I 1.59 LCK
LLI

0
|—1.34

JEH ID FER T g TE R JH 4% Regulation LR
Gene ID Gene function annotation RCK vs RLI LCK vs LLI Gene name

Gh_D02G0815 TR 4 )5 if [NADH] | | NR
Nitrate reductase [NADH]

Gh_A402G0769 fil§ iR i JR i [NADH] | ! NR
Nitrate reductase [NADH]

Gh_A0IG1586 i i 8 S5l [NADH] - ¢ NR
Nitrate reductase [NADH]

Gh_D01G1872 il iR 18 JR B [NADH] t | NR
Nitrate reductase [NADH]

Gh_A13G0352 BRAIE TR - R R A, AR | | NiRI
Ferredoxin-nitrite reductase, chloroplastic

Gh_D07G1773 A AR A G, N5 IE TR 1 t t GSI;1
Glutamine synthetase, cytosolic isozyme 1

Gh_AI13G0512 A AN A UG, M5 IR TR 1 t t GSI;1
Glutamine synthetase, cytosolic isozyme 1

Gh_D13G0620 & WA B, T (R TR 1 - t GSI;1
Glutamine synthetase, cytosolic isozyme 1

Gh_D11G3479 A TR A IS, 257 W) TR t | GS
Glutamine synthetase, nodule isozyme

Gh_D09G1909 B AN UG, v F TR, ik ! - GS
Glutamine synthetase, leaf isozyme, chloroplastic

Gh_A09G1788 B AW A U, oW TR, stk | - GS
Glutamine synthetase, leaf isozyme, chloroplastic

Gh_DI12G2422 BHEMANEE 1 [NADH], M4tk ! | GLTI
Glutamate synthase 1 [NADH], chloroplastic

Gh_A12G2272 BHMRE NG | [NADH], P&k | - GLTI

Glutamate synthase 1 [NADH], chloroplastic

R PRI, <P FR TR, ORRIERRIE. FERE 4.

“1”: up-regulated; “1”: down-regulated; “--”: normal. Abbreviations are the same as those given in Table 4.
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Fig. 6 Verification of the differentially expressed genes by qRT-PCR
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