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The role of glutamate and proline in enhancing lycopene accumulation
in Cereibacter sphaeroides DT.1 and its mechanism

ZHANG Yiyan,XU Zhe,GU Xiangyang "

(Key Lab of Microbiology for Agricultural Environments, Ministry of Agriculture and Rural Affairs/
College of Life Sciences,Nanjing Agricultural University,, Nanjing 210014, China)

Abstract ; [ Objectives ] The paper aimed to isolate and identify purple non-sulfur bacteria capable of accumulating lycopene , analyze
the biosynthetic pathway of lycopene,and investigate the mechanisms by which glutamate and proline promote the accumulation of
lycopene. [ Methods ] The double-layer plate method was used to enrich and isolate purple non-sulfur bacteria from fish pond
sediments. Genome sequencing and metabolomics analysis were used to explore the metabolic pathways of lycopene synthesis. The
growth of and lycopene accumulation in the isolated strains were compared under different conditions and in different culture media.
The effects of the addition of different amino acids on the lycopene accumulation in the isolated strains were studied. The mechanisms
by which glutamate or proline promote lycopene accumulation were analyzed through differential transcriptomics combined with
differential metabolomics. [ Results ] A purple non-sulfur bacterium capable of synthesizing lycopene was isolated and identified.
Through comparison of the 16S rRNA gene and whole-genome sequences, the strain was identified and named as Ceretbacter
sphaeroides DT.1. Genome sequencing and metabolomic results indicated that this strain synthesized lycopene via the methylerythritol
4-phosphate (MEP ) pathway. Moreover, the phytoene desaturase ( Cril)in this pathway possessed a 4-step desaturation activity. Under
aerobic dark conditions,increased lycopene yield was observed due to the addition of eight amino acids,among which glutamic acid

and proline showed the most significant promoting effects. Compared to the control ,accumulation of lycopene increased by 99.4% and
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101.7% ,respectively by adding 400 mg-L™" of glutamic acid or proline to the yeast extract medium. Addition of glutamic acid or
proline led to a significant decrease in the expression level of the acyclic carotenoid 1,2-hydratase gene crtC, and a significant
increase in the accumulation of lycopene synthesis precursors such as pyruvate and acetyl-CoA. [ Conclusions ] Lycopene yield of
C. sphaeroides DT.1 could be significantly enhanced by the addition of either glutamate or proline addition. The mechanisms for
enhanced lycopene production by glutamate or proline addition include downregulation of the expression levels of acyclic carotenoid
1,2-hydratase genes and promotion of the accumulation of precursor for lycopene synthesis.
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FERBRAFE RN T A R ALLR AT A5 A58 B0 A0 T & U A ZL 2R RS2 RS N TERL A, LA
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THPO.S g LT BRIREUN | g LY ERHREU 0.1 g L7 MR TR | mL- L7 R R R AE S mL-L
pH7.0, THEITTEIR . MFZ 0.70 g- L', Bil4E 0.4 g- L7, KB 0.1 ¢- L', A/KE A 0.05
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rRNA JEH 4 K741, #58 NCBI( GenBank 5% 5 : PQ416756 ) , F- 55 A AR 2 ik Lo XoF, foff FH 408 02 1 44 2
ARG RBEW ., ILFHFF] 1% JSpeciesWS Wl I 5L ¥R Cereibacter sphaeroides ATH 2.4.1 FEXFT T
SR FR—Z: (average nucleotide identity , ANT) | 7055 AR XS 2 R AP
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H 2B AN 200 mg- L7114 19 FhEEERR , LI B8 i 3 iR 14 15 S LA 0 B B A7 A B AT 3 AT
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TR AL TN o 12 25 Y B R | E— 20 X SO S B PR AE A [R) R B A5 1F 1 X 23 B T R A K AN 2D R
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W, V% PBS 7E 4 °C R UM TTNE 2 W, SR K T R DUV TE R A P Lk, O P o T 0k 3y ik 22
Bt B W) HARA BRA R FEA T S A AL 0 A, A IS AR BRI 48 3 D ISZAEAS o XA [RIRE i 4> S A
(Y 2RI5 LU BCR I A Z 05 A e A AL A T AG 90, A5 3 B A LUy P {E, #RJ5 {1 1] Benjamini-Hochberg( BH)
BEAEIE P S F LA 2 6] 535 2% 519 FDR (false discovery rate) , %M |log FC1 =1 1 FDR<0.05 ¥ e
SE 22 AR WAFRFEN R HRAE GO I KEGG B FETERRAS SR W 28 52 S N HEA T ARG 0 8 Mo A, 25 5%
RGN L P<0.05 F1 VIP(variable importance in projection) >1 A B{H .
1.2.4 FLHKHEEE PCR  KHH RNA-easy Isolation Reagent ( Vazyme ) 5. RNA #2051 & 2 B4 5 5
RNA , f#i F Thermo Scientific NanoDrop One 4376 BE RGN HAE B ATk B2 . L 16S rRNA 1E M NS L R
§i& Caetano-Lopes %5 [ )5 A #EFT RNA FUfESRASERT 2 i PCR, FF RT-qPCR MBI 3% 1,

#&1 RT-qPCR FifEAK5I#
Table 1 Primers used for RT-qPCR in this work

FEH Gene 1E M 5% Forward primer(5'—3") 11 51%) Reverse primer(5'—3")
crtC TGACGCTCAAGGACGATGGC CCAGGTCCAGAAACGGAAGTCG
crtD AATCGAGGGCGGGATGCA TCGCCGTTGAAGACGATGTGA
crtF GTCGCGGGCTTCGTCCATT GGCTCGGTCTCGCCTTTCA
crtA ACCAAGATGGCCGACGAGA AGAAGGTAACCTGCTGGACGAA

fabF TGGATGGAGCCCAAGGACAG GGATGAAGAAGGGCGAGACG
gltB GGCTCTACCTCTGCTCGCTGTC GCGGATCTCGTGGCTCTTCA

FenC . R IEAE M 21 R A 3 R Hydroxyneurosporene synthase gene; crtD ; ¥ 3L 8 7 21 2 25 10 A 3L ] Hydroxyneurosporene desaturase
gene ;criF BRI HILT -0 - W L R4 il A 4 Hydroxyneurosporene-O-methyltransferase gene;criA ; BRI U5 B0 AR il 3 X Spheroidene
monogenase gene ;fabF :3—AEEIE - BEILEAARTE 1 ] A5 I 2 A 3-oxoacyl-[ acyl-carrier-protein | synthase II gene; gltB : 45 2R A K
W HAAHE A Glutamate synthase subunit alpha gene.

125 FEMOERIRBABHERKGEENE 20 mL i%?%(&%‘ﬂ‘q&%%1$( 12 000 r*min"' 4 °C .5 min) ,
fif T4 9 0.01 mol - 17" PBS(pH7.5) YEik 2 IR, FLAS B R TS 2 B0 HFoin A 5 mIL 1504 () P i —
R (CORBLLL 10 1) W08, B A AR LR, 76 B IR BENR % 10 min, ELRIRATIEAE MG 4 C
12 000 r+min™" Z.0> 2 min, B EIEWRGT 0.22 wm JEAEAS B HLEUR , 6 f7 T-20 CRRE @Y ,2 d N I
FEOTHT . MEHEEFRAL (354 ,MD iD5—1) X8 R EL PR LE 320~ 1 000 nm A F I e FISOETE

1.2.6 FEMAEZWEENT RAESEAHETEL(CTO-20A, H A S ) M2 F ALl £ 10 & 5, ik
M C AT ( ZorbaxSB-Aq, 4.6 mmx250 mm,5 pm) , S4MGIE K 450 nm, WEHAHH 20 57
PR (R AR L 5:2:3) 48, W 1.0 mL-min™"  #EIR 40 °C , FERERA 10 pL, i8 4705 (A 8 min, K Tl
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(F1-B), @FEEAM)FER T 1455 bp 19 16S rRNA JE K 4K 551, [7] NCBI £ e b S 2 bk
AT HEXT IR AP R R B A B, S5R (K 1-C) B/, B DT.1 /9 16S rRNA JE[H 5 Cereibacter
sphaeroides ATH2.4.1.C. johrii JA192 Fl C. azotoformans JA916 FIARALEE 53-3°A 100% .99.79% i1 98.39% , 7F
ARG RE W 5 CE R C. sphaeroides ATH2.4.1 13 T [6]— 43 32, il C. johrii JA192 Fl C. azotoformans
JA916 7ML TR 4332

Cereibacter sphaeroides DT.1(PQ416756)

9N Cereibacter sphaeroides ATH 2.4.1'(CP000143)
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§ 0 Gemmobacter caeni DCA-1"(FI386516)
300 500 700 900 Gemmobacter aquatilis DSM 3857'(jgi.1049001)

A/mm 38 Gemmobacter caeruleus N8'(MK757920)

Pseudomonas alloputida KH7'(LT718459)
—
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Fig.1 The cell morphology,absorption spectrum and phylogenetic tree of strain DT.1
A TP DT.1 ANIIB S KOG G WIBIEES (a. SRIRIERERIVORL ; b. J65 L) ;B BIkk DT.1 B RO ; C. 7k DT.1 Z5 T 16S rRNA
HNFFIMRENRER TR,
A. Cellular morphology and photosynthetic membranes of strain DT. 1 (a. Polyhydroxyalkanoates particle;b. Intracellular membrane ) ; B. The

pigment absorption spectrum of strain DT.1;C. The phylogenetic tree of strain DT.1 constructed based on the 16S rRNA gene sequence.

FRPR DT.1 S A7 4 257 AR, BUF SN 3 866 193 bp, 8L N4 P51 14 86.73%
(#£2) ., BEIEEHFI 152 JSpeciesWS Wi, 115 & B H S5HEERE C. sphaeroides ATH 2.4.1 ) ANI
T35 98.14% 75 T Yoon %52 PR A AU IIEL (95% ~96% ), B BEHE VAP D1 556 C. spharoides
FREY 1 FIRR, RS UG 2 C. sphaeroides JE 22 %4 A Rhodobacter sphaeroides ,2020 1% % 7] Rhodobacter
azotoformans . R. johrii Fl R. ovatus ${ LT i 43253 Cereibacter J& [27] , LA SR I 2 24 I LA 44

F2 HEtkDT.1 EFEESHE

Table 2 Characteristics of genome of strain DT.1

SRR/ HE
HKE (%)

Length/genome length

FERE SR bp  FERECE  FEPREIKEE/bp PR /bp PR/ bp BURL 1/bp UKL 2/bp  BURL 3/bp GC & /%
Genome size  Total number  Total length ~ Average length ~ Chromosome  Plasmid 1 Plasmid 2 Plasmid 3 GC content

4 364 336 4257 3 866 193 908.20 3154 711 908 038 200 903 100 684 69.35 88.59
PAFE M DT.1 BN AP 5 il KEGG Bdfs PExt BE R AT TR 5 0 28, R B i Ak (] 32 83
AAEARCH PABE AR BAL I %5 BAL 850 AR R LA A LR S 6 A5 IH, Hi 56.97% i A
SARHARSC (K 2) o FEHA ST EE R (F 3) SR, 4r B wbk DT. 1 R & 1SRRG R R 3 A
Hi, B JE N 4 364 336 bp,GC &M 69.35%
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Fig. 2 KEGG annotation results of the genome of strain DT.1
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FEHBR DT BN 915 KEGG Bi ZEsEAT Hext, R BLB K DT.1 &4 SE BRI M R 5
i, HrP i ds (ispD crtIDCEF \ppsR preA 555 i 2L R AR SCHYSL R % . X U ITZ B Mod i MEP 3%
B LR, 5 SCHRIRGE S5 52 — 8, (A — P02, AR BT IS OGE 1 HPLC A0 3 T 2 41
KRR IS AL 0T (38 3) A B 1 R UG B2 % bR (TR BB | UL TR bk
DT.1 1 ered FEPH G54 Cril A 4 LIRETNRE, 7T ME VB LR A 4 DR A HEIE B IR,
MR ALLR G AL T bR . 2555 B AR A 20 I 5 SR AE T B AL 2R 5 R R A 4 s

®3 EHDT.1 EHLRSRMBEXKEEY
Table 3 Metabolites related to lycopene synthesis in strain DT.1

R s R 44 B R /min - XTHBZE GluAbBEAH  Pro AbHfIZH
Metabolite index Metabolites name Retention time CK Glu Pro
M537T173_POS B-#1% N & B-carotene 2.88 7781.43 14 439.83 15 336.38
M569T184_POS F KB EK Zeaxanthin 3.07 963 075.70 926 266.30 776 124.00
M569T206_POS 3 % Lutein 3.43 1 160 456.61 919 355.83 653 686.38
M619T231_POS BEZ ¥ 5 Canthaxanthin 3.02 6857.63 18 838.77 7 727.39
M619T231_POS IR Astaxanthin 3.85 2039.10  2957.82 2380.18
M535T173_POS 21 8% Torulene 2.89 11 520.06 40 305.76 23 530.64
M582T33_3_POS ERIRE Z Spheroidenone 0.55 21 182.96 175 102.50 458 504.69
M313T443_NEG M2 JLILEEBEIR Geranyl pyrophosphate( GPP) 7.38 23260.55 152 115.30* 330 939.50*
M381T318_NEG W JE KLFE W B2 Farnesyl pyrophosphate ( FPP) 5.30 19 575.74  5487.88 4712.32

Note: * P<0.05, VIP>1.

AR LI FE R R
Geranyl pyrophosphate
crtE
| R Tt | P LA LA AR 1= AT 1
ﬂ%/_ﬁ( Wi Geranygeranyl pyrophosphate 1 - b A bk_ !
Spheroidene pathway B-carotene synthesis |
e - l crtB R
AN AL R AR
Prephytoene pyrophosphate
crtB
BRI AR PR
Spherqidenone Phytopene Zeaxanthin
T crtd 1 crtl T crtZ?
2N NAMMLR P-Bes
Spheroidene Phytofluene B-cryptoxanthin
T crtF l crtl T crtZ?
PRI EE G-I h R B-% hx
Demethylspheroidene C-carotene fB-carotene
1crtD l crtl T G
BRI R — FEILT R — TR
Hydroxyneurosporene crtC Neurosporene crtl Lycopene

B4 B DT.1 &M EN LR N GHE B T E
Fig. 4 Deduced metabolic pathway for lycopene synthesis in strain DT.1
07 F B R A R TR R B2 R ELRGHI ) 1A R AL
“?” indicated that the gene was not annotated in the genome,but the relevant transformation product was detected.

23 HEEHRERBMLENFHSTE

R DT. 1 EPR DL MG R 2 Fh A 0E TS B R B\ R AR (R 4) BoR iIZE A K5
BFE MR MSFMIEA—BOAEREOC IR T HAR K W35 00 T 4 U SR I 9 25, (R JF E 3 i 41 3% R
2, LA e E R YR IR AT T AR BN Fan 20 R AR R, o Y bk DT 1 76 B By 55 97 5 v 45 97 ik
AT LARLER (0.82+0.49) mg- g™ FARLLE , 21 B 2 1 R B % 2k v B SR I, 0 R 2 R 21 3R 7™ &
P AR, B4l E RN E (1.55+0.27) mg-g ™", Mi7EE ARG IR AR Kode 22, HLARK I 51 7%
TLLRAIH R
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Table 4 Growth and lycopene content of strain DT.1 under different culture conditions

BRI JRAE AL B Anaerobic treatment F LB Aerobic treatment
Medium composition Do FEAMLLZ AR/ (mgg™") Lycopene content Dgo FEMAZE 5 H/ (mg+g™") Lycopene content
AR IR+ 26 (IR Yeast extract+peptone  2.26+0.09° BDL 1.61+£0.04* 1.55+0.27°
FEREHEIUY) Yeast extract 1.82+0.04¢ BDL 0.79+0.04" 0.82+0.49°
1 Peptone 1.77+0.02" BDL 0.34+0.02° BDL

TE:BDL R R TAEIMIR . [7)—30 v R RN FREFROR 22 5 .35 (P<0.05) .
Note : BDL stands for below detection limit. The data with different lower-case letters in the same column are statistically different in the content of
lycopene (P<0.05).

AR b3 g SRAHE T 2 1 rh SR LE ZUR IR W] RE A e HE TR R DT. 1 A K B/ ML RS W EE S, AT
BE B FERR AR TS 19 AR AT 73 B PR DT.1 AE R B R A 52, ME 5-A
A, 8 PR FEIR XS 4 B bk DT.1 A S ALl R G i EA W 0 FE VR T, v - 25 S R A R0 il 2 vt
STESERR DT.1 A S TRt £L 2 6 i AR R A P SRt , TR B 1 2800 R0 4 1 51.97% F1 52.84% , 7
HEL R P O B3 B 55 45.1% 1 63.4% ; LR 52 &R N E RS 6 Fha L me , v R 2R (1 Boxt R o
18.3% ~26.8% , T ML 2 7 i B0 B4 157 10.17% ~24.79%

HE— 2G5 R B, A7 SR AU SR AR B I AS SRR AN B 19 254 B LR R A A DR 4 1 19 2B K
T REMFR (B 5-B.C) . 7E 0~400 mg- L' N, B2 AU 2R X 43 B B bk DT AR RFMA RS
JSC R T AR FH B 2 S TR VS IR 88 ) B TN T 2R 484 588, >4 S LR VR JE 3 TN 2 600 mg - L™ MR A FHAS
AkLLitg (181 5-D E) , DRI AT HEWr A 200 Kl 2B 7E 400 mg - L™ AR A it , 1595 22 48 h B3R iR 2l
RAB =R B K, A (2.1320.12) mg- g™, A 4 70 & I TR (1) % B8 41 43 ) 2 = 99.4% 1 101.7%
(EI5-F.G) . SR, I ARFE 400 mg - L™ 14 2R AR 2 R 5T I8 A AR A A i PR b R, iR Rk
B 3 2 O A 35 37 3 v IR IR (0 b 288 M MR B | AT DAl S5 R B PR DT B L R A Bse®
24 AEBNHESREHABMIES RIS

A8 SRR R S Y B 200 TR R PR e 3k R AR B I s i 45 5 (T 6-A) o - 5 0 BEMH L, 7R G 3R
S TS E IR R TR B AR PRI E 1 506 NFEPF IR 1,473 A FE Ik T I #hFT I A R 8 7R 10 T
PRHAGINE] 1290 NJER ek FIH, 511 ANJER RN T, 2R RABMIEHZ W R EERE TCA 7E3F &
FERR A ARG AR N RIS b Rk BB EER S EAMLAL R SRR, 5
ARG BBV H 2 5 RB W IERARI R T, flan, 28508 P BRI S 5FMaRE 0D
ertC ertD ertF S5 FE R R GA ) W EAN TR IRAL, S 5 /ML R G AHDCH entl centB etk 5555 R 1) 3%
KB TCHA AR AL (B 6-B—D) , ik U W A3 202 sl il 20 R 412 1 76 it 41 AR R HL &2 — 2l /D B 4L = Y
Ak,

Z 518 WR G 8 fabB fabF \fabG fabl fabZ 5 A~FeHFikh B TP (E 6-E . F, & 7) , X 5L iy
FEIRMTE 7 T LA S IEARTE A R A B BE R IR , X e L PR e KR R R R AN PN ) £ B T A T AE
/DA B TR N S B AEE A (7K 5 R TCA 83 B9 LN gltA .acnA VAR FERR G b
LR gltB ik 1) 27T ] X SEBL R i 223k I Il 1 B A AL S AT I A B A0 AL A U 2R, TRt
XL Ik ) NP AR B TR N S B A B9KSE70 ) O BEATEE A AR BT LA Y R R
it S 2 AT 1 1 PR TR R SR A, DA R T R 4T 3R B B AR AR T 2 SRR Y

5 SR 2 RS B RE DT AR S2 ma (9 25 5 (& 6-H) IR . 54 BUA Eb , 78355 35 3k kb 7845 &R
BRI A s AR IR ) 83 AR EIE, 154 AN R I b 7 Il R B G B AR 6 s
TR AT E] 88 AT LA, 151 A HIPIAR I TR 78U N2 SR I 2 R 14 A B AN 2
L A FISERRR B B, 2L R A TR T MEP (GPP (G i Wl 3, SRR F R
TR T S R 0 A T 2 SR AT, U0 I 2 S T ol I 27 £ 0 2 AR 2T AR R 5 2 R L i ek T 9 4 %
THFEC A A 1L k7K HE T 18 SO N O B4R G A RN ER R % i BT, S 8GR R & U 7
FIARY) BN SZ30AY . Li 2500 e s Fe B g2 Se b s i il B 12 6B 40 Rhodopseudomonas palustris
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Fig.5 The biomass and lycopene content of strain DT.1 in different culture media
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KERFMLLE ST E;F .G FMFE 400 mg- L™ 43 2R 5/ FI I 2082 1 R B By B 32 26 Th A ik DT 1 2B Kt 28
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A. Effects of different amino acids on the growth and lycopene content of strain DT.1;B,C. Growth of strain
DT.1 in the media with glutamate ( B) or proline ( C) as the sole carbon and nitrogen source; D, E. Growth and
lycopene content of strain DT.1 in yeast extract media containing different concentrations of glutamic acid (D) or
proline( E) ;F, G. Growth curves (F) and lycopene content ( G) of strain DT.1 in yeast extract media containing

400 mg-L™" glutamic acid or/and proline.
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Fig. 6 Transcriptome and metabolome analysis and RT-qPCR validation
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Fig.7 Regulation of lycopene synthesis-related gene expression and metabolites

in strain DT.1 by glutamic acid or proline
FEIR TR EE R g R B bR, T3k i 0928 A W 20 64307 bR

Downregulated genes are indicated by green circles, while upregulated metabolites are indicated in red text.
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