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Overexpression of Pepper Capsaicinoid Pathway Genes in Tomato
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Abstract

In this study we attempted to overexpress three pepper genes in tomato to produce spicy fruits. The three
genes, BCAT (branched-chain amino acid aminotransferase), Kas (ketoacyl-ACP synthase) and CS/AT (Capsaicin
synthase/acyltransferase), were separated by P2Am and T2Am sequences in a tricistronic cassette driven by the
35S promoter. The genes were expressed in transgenic tomato although tomato fruits were not spicy based on two-
person tasting evaluations. Further studies may be necessary with tissue-specifc promoters.
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Introduction

Q. p ngenc_ e=heayof hog peppeis the-es g of acc ym Jagon
of g p of alkal0ids called capsaicinoids , hose majowepesena g es
a=e capsaicin and dihyd_ecapsaicin [l]ﬁ e heaysensagjon c=eased
b these alkaloids is § ¢h defning aspecy of these eéwop the gen ¢
nime Capsic yn come fom G—eek kap1p, |, hich means ‘1o big’ [2].
Capsaicinoids aes_nhesized in peppefmiplacena,, it ineg-ajon
of y, 0 diy esenybiochemical pashy,a s: the phen Ip-opanoid pash,,a

ses pheil, lalanineass % ce.anil Jarmine, and beanche
phen Jalanineass bs4ae ppod ce ani ].y amine, an nche
chain fa " acid pagy, a_, hich pod ces 8-medi 1 nonenoic acid sing
Valine as as ps4ease [3]V'N eenz_me CS (Capsaicins_nhase) combines
bo compo nds © p=bd ice Capsaicin and ohew capsaicinoids b
condensing the Vanillylaminehilh d].'f een i fa " acids bssases [2].

Chilli peppeis an indispensable spice sed as a basic ing=edien (in
ya=ieqes of ¢ gsineall o ewthe, odd, he n wdonal al ¢ of Capsic ym
is high and is considewed as an excellenyso e of igmins C, A,
B-compley and E along,ith mineals like mol bden ym, manganese,
folase, posassi ym, and hiamine [4]. N e<ape yjc p=opewties of Capsic ym
a=e the-=s g of capsaicinoids. As a medicine i is mainl  gsed as
Co 1 eimsdian g in | ymbago, ne sudlgia,-<he mayc dise-desand non-
allegic-zhini s [5]T4
dwops_, colic, diamhea, as hma, ashd s, m scle eamps and o hache
[6]. All shese & ecs s igges k=g Jawinsake of capsaicinoid is beneficial
fomrhealth and ¢ s hoy peppe<s sho {d be conside=ed as f ;ncijonal
food [7].

Unlike ohe=domes gcaed membes of Solanaceae famil s h as

oma o, poa i and obacco, Capsic yn species ae no <o }él labo=

inensi eanddi c dyoc df ae P ngeny adeges aehf enc i, aed
in open felds and a< _ Jnesable 1 en isonmenwl condigons thay
awe degdmenl 1 f=iy ield [3]. En ionmensl facs s <h as high
fempe=a { +¢, high CO2 Yevel, and excess-=in can all—ed e e plang
g-ﬁh,lh/yield and inewease disease incidence in the plang [8]. Seed
e aliy and gesminajon-<ase awe highl dependeny on may+<y of
i=j,"species, ¢ J§ a=r and pos i,-ha_ves}:ing handling [9]. E en if all
the agonomic h sdles ae-esol _ed, the highly ya-able capsaicinoid

bios nihesis hea il =~ congolled "% en ionmeny-—ep=esens fithes

p=oblem in consis ¢ny le el of p nﬁ’gency p=od con in peppemfuis
[10].

Classical baeeding and mode=n genesc manip Jagon can bo be
sed fothe imp=o _emens and consis enyp ngenc, le els in peppear
Beeding has con«db uedsignificany o the c=eagjon of elise Capsic m
ya=eqes [11]. Agwobaced yn mediaed genegc ansfosmagon ae

eplang ha ealsobeen sed as folkemedies fou

n0e=i0 sl had fo=Capsic m d ¢ © iﬁdcalciwnaﬁag@e. C emen §
available C}:apsic i 4ansfe-=ma fon p=o cols have loy, e cienc , pooar
£p=0d ¢ibili Y and high geno« pe-dependence [12,13]“ §, genesc
manip Jagon’is nox s jble opdon fo_—peppe_~impa)vemen§ [3].
Enginee«ing alg=nas model planyg 1o p=od ice capsaicinoid co Jd be
a concepy @ll  p=omising app=oach fe=p=od icfon of these secondasy:
me aboliss [14]. 4

Economicall , womaso (Solanum lycopersicum) is s¢he mosy
impo-san ¢ hoqigdpaﬂ Gop, and is _ield is second onl  © pogio
agwoss the , odd [15]. Despig l,hei_')c’lade splig ax leas('19 million

eas ago [16], genome of Capsic ym and mawp ae ell peseged,
v, basic ch-omosome n mbeof ¥=12 in boh species and majom
conseged syn fenic segmen bey, een fhem [17]. Tomaro being,, ell-
es ablished modely, i highly amenable bio eechnological manip Jagon
methods and i high p=od i givilyhuh show eopping c_cle [18] can
be sed as capsaicinoid biofaci- model plang [19]. Ph_logenesic
anal sis of gene families in ol ed il capsainoid bios n(hesisyin peppe=
and “theiwothologs in tomaro, poio and A<abidopsis idenifed 51
gene families and of ¢hese 13 gene families had independen g peppe=
specific d plicagon (s «h as ACLd, AT3, b-CT, C3H, CAD, CCR, Kas
I and PAL genes) [17]. Compa<a§ e sanse<ipome anal sis.<e ealed
se e<al genes in capsaicin bios niesis pafy,a, ha ing di e<eng
exp=£ssion in peppe=rand omaio friip. Barijy Specific e{plssion
of CS (encoding ac_l4ansfesase) p<imaxil occ +med d +dng peppe=
placenga de elopmeény along y ith othe~ genes necessaw, fou the
capsaicinoid bios_nhesis, coniaw 1 this e omhologo ¢ genes in
omai pahy, a_ (BCAT, Kas and ES) a_e.a_ely exp=essed in frdfng
siage [2]. Compasa ¢ expession s dies in non -p ygenypeppe=s V
p ngenspeppe=alsosho,, ed lage delegons in CS ca se no o= e loy,
eyp=ession in non-p pgeny peppess similawes Iy, e obsexged fou
othecapsicionoid pashy, a_ genes as, ell' X ese.es I ma_ indica
thaschanges in the gene eypession of BCAT, Kas and CS/A% enabled
capsaicinoid syn thesis in ho peppe=f=is [20,21]. M wagenic s § (dies
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in hoy peppe=also- ealed loss of f ncqon in diy esenygenes ay ecy
the p ingenc, di; een dy. P wngenc, in peppews the-efoe, appeas 1©

be ndew4ainsclipfonal congwl and is dieecq linked it highew

exp=ession le els of capsaicinoid bios nihesis genes in the placensl
sepyun of p ngenyc | as [21,22]. ziompa_ed © chilli peppes, in
omaio some genes ha_e lowe_-level of e;:pﬁsion (PAL, C4H, ACL,
AMT), othe=s ha e lo, ele el of expession, it empoeall .essdced
exp=ession (COMT, FaTA) and fe,, a<e no l,e{paassed agall (%as, BCAT
and CS) [2].

Based on the geneyjc infe<masgon on both peppewand omarp, ig
is theoeyjcall possible 1 acq age capsaicinoid pafhy a  in omarp.
¢ genome enginee«ing s+ tegies co 1d be sed fous ch endea o

One is 10 se of 4anse«dpgfonal acy ap-s like & ecyos (TALEs) G

CRISPR/Cas9 fowm dgpley acg agon of genes” in peppewr[23-25].
Second seaeg, is e se of pagered p=oMO Emeplacemen § o gh
genome enginée«ing fowacq agon of inac e genes in map [26,27].
And shid, o {d be insejon and 0, 6= yptssion of e peppe=genes
(Kas, BCAT and CS) in somaip o gh Agwebace yn mediased
sansfe<maon of omaro.

Fow 0 4=syd e emplo ed Agobace« yn mediaged omaipo
sansfodmafon © inses and’ o eeypess the thee peppew genes
in ol ed in capsaicin bios_nihesis thas,, ese nogeypessed b omar,
namel BCAT, Kas and CYS/AT. T,0 di e<eny ecios , ese’pepased
one i 35 pomosg=and one , il f=iy specific E8 pomosg
All thee genes , 6= incl ded in single sdcis4onic  ecowfou the
4ansfomagon (mo= in mehod). All hee genes ae in ol ed in
capsaicin bios_nthesis o gh baanched chain fas acid pafy,a ,
BCAT (banc¥1ed-chain amino acid aminosansfe<ase) condense};
yaline p alphakewiso ale<a e, Kas (kewac I-ACPs nihase) along, it
ACL (ac | camde=poin) is in ol ed in ¥al, acid's nhesis o gh
isob wsrl-CoA w0 8-medh l-6-nonenoic acid and CS/AT/PUN1
(Capsaicin s_nthase) condenses _anill lamine fom phen_lp-opanoid
pa th,ayh,i {18-medh_l-6-noneo {-CoA fom baanched chdin fa W acid
pa Qh‘,v,aY ') syn thesize capsaicin {2].

Material and Method
Preparation of overexpression gene construct

pCAMBIAL301 eciom, as sed in p<epasagon of o e xpaession
gene cons4=c¥ \ e dcis4onic casseqie,, ith hee peppegenes , as
amanged as sho,, n in Fig+«e 1ATN e ee genes | e sepasated b
P2Ap and T2Ap pepides (Fig+e 1B) fsom Osbe=n M] [28]“ 4
pepides | ewe.e ese 4anslaed © DNA see, ence (P2A and T2A in
(Fig +¢ 1B) and opmized fomplang (A=abidopsis) sing ]Ca%%
© p=od e the P2Am and T2Am (Fig +€ 1B) sed in Fig «& 1A'V e
casse e (Fig « 1C),, as s_nthesized b_BioBasic (Amhes s, NY, USA)
and ligased inwo pCAMBIYMSOchf e=diges fon ,, ish Ncol and Bs sEIL
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Transformation of tomato

Tomaro seeds (Solanum lycopersicum) ¢, Mico-Tom and Micwo-
Tina fom Tomato Go,, e S ppl Compan , Fou Me_ e, FL |, ee

s sface s g<ilized in 40 ml of 25% b)ieachhil,h 2 dops ot}’\ween 20 four

15 min ues and.<nsed 5-7 gmes ,, i disglled |, aebefoe plaing
in seed ge<minagon medi yn (MS sal(4.3 g 1", Nigch jiamin 1 ml
I, s aose 30 g 1! and aga=6 g1*, pH 5.8). H_pocog Is and c0fp’1‘edon
lea_es of 7-10 da_s old seedlings , e sed fom4ansfoumajon! \-ee
da_s befo 4ansfoamajon, Agrobacterium c Jq+,,as s @ed in 20
ml'LB medi yn's pplemensed,,ith 50 mgI' kanam cin. A da_ befo-e
4ansfoanagon h pocoy land coy ledon lea es, e« ¢ yisom seedling
ay the pegqoles arid ay dhe fp sing s g<le-azo=on the coc l§ agon
media (MSsal(4.3 g1, hiamine-HCL 0.4 mg 1", m_o-inosisl 100 mg
I, s aose 30 g1, 2,4-D 0.2 mg 1", agaw6 g 1! and’kinegn 0.1 mg 1)
v it s eaile il @epapewdaid on e s «face. Bacgda f-om LB b th, as
hagesied by cengdf \gagon and-«es spended in coc g agon media
G,itho 1 agas. Lea es fom o enighyinc bagon, e« seapped and
miyed,, ith bacgddaand inc baged agdom gmped 1+t fo=30 min wes
yo1th occasional miying. Bacgials spension,,as then dwained, leaves
v, dded on ssgdle papew 1o, els and -ey+iied o coc nllivauion
media,, it #lgapapewon the s «facel X ese plases | et sealed y, it
micope=e apes and inc bated in dak ag=00m semped i e fo3 da_s.
Follo,,ing 3 da s of coc J§ aqon lea es e< placed on.egenesagon
medi yn (MSsale 4.3 g1*, Nisch _iamin mll',s gwose 30 g1, zea§n
1.5 mg 1, TAA 0.2 mg I}, cazbenicillin 400 mg 1!, h_g<em_cin 30 mg
I, agaw6 g1 and pH 5.8) and inc based ndenay+al da_/lighgc cle
fow3-8, eeks, it media change e e« 3, eeks. Shoos, iﬁ-&gene—ue
d 4dng this pedod. Regenesated shoog ,, e sansfemed ©-=00ing
medi yn (MSsals 4.3 g1, Nisch Vi @min Iml 1, s ewose 30 g1, IBA
0.5 mgl", cadenicillin 400 mg1"', h_gom_cin 30 mgl’, aga«6 g1’ and

pH 5.8) fouf +athegwo,, th andwod ing %en gansfemed © soil*E o

acclima §za fon foufe,, da v
Transformation con rmation

Tansfewma fon and insewfon of &ansgene,, as confdned b_ plany
£gene-d fononh g-em_cinconining=egene<a jonmedia henb PCR
sing hygmmycin p=imas (fouy;, asd: GATGTTGGCGACCTCGTATT
and -t age: GATGTAGGAGGGCGTGGATA) on DNA fom

sansgenic plans.
RNA extraction

E-om TO sansgenic plang, RNA, as exacied fo=RT-PCR. Leaf
samples £om o ng «ansgenic plans |, e b Jked 1 isolage RNA.
E—esh 50-100 mg of leaf §ss i, as £ozen in lie, n,id'\N2 and g<inded
poy,,de= sing moawand pes de. One ml of TRIzol"-=eageny,,as sed
1 homogenize 50-100 mg of dss . ¥ e=5 min yes of inc bagon, 0.2

ml of chlewofosm ,, as added o the sample and f +thewinc based four

3 min u‘fs“ € Miyl+e y,as censdf ged ag4 C fourl5 min u,esm e
s pe—namny, as 4ansfemed © a ne, (be and miyed,,ith 0.5 ml of

isop—opanol and inc based fo=10 min es. ¥ excensdf gingag4 C fo

5min ues, s pe<napng, as discauded and RNA pelleyy, as miyed,, i
1 ml of 75% eshanol and cen<if ged fo5 min wes ag4 C,s pe<nagny

v,3s discaded, and pelles, e« d<ed b in esing ¢ bes on clean il g

pape=fo=10 min es. A= nnd 25-30 1'of DNase/RNase fee,, a =, as
sed 1o dissol e the RNA. Alia, 0 yof ‘this RNA, as 4eased, ith DNase
['a437 C fowrl0 min ues''\ is follo, ed phenol: chlowofoen eysacfon
o1t isop=opanol p—ecipiffon and §,0 75% eshanol h,ash“ ep
of RNA | as seased ,,ith DNase I and & angfied sing Nanod-op.

Samples y,ith 260/280 al es bey een 1.9-2.1 e sed fouf sthos

L sis.
anal sis

RT-PCR

Semie, @angag e RT-PCR  as done © confan the sansgene
expaessionof sing aSeadp ¢’ XLT One-Sgep RT-PCRkitfsom Q @npBio
in Applied Bios_nhesis 2720 X ewmoc_clewMan face=s g idelines
&= follo,, ed tomeacqon seq p and theamoc clewpoced «es. In
shew, RT-PCR,, as done fa=RNA of bo h 4gansgenic and consol plan g
in 10 1 ol yne. All the-eagens, RNA and pdmes , e< tha,ed in
ice fowrl5 min ues and the.cacgon,, as seq P on ice. Fowreach 10 |
~£ac{on, 5 J1 one-sgep To gghM‘{ (20X), 0.2 Jl each of fo, asd and
o p<imes;, 0.4 1 of a,S@-ip}’ XLT One-Sgep-e, ese 4ansep fase
(25X), 2.2 Jl of n clease f=e |, ag=and 2 IJ1 of RNA , e<e added and
miyed. PCR plage, as then sp o bue' = f0-emo e an b bble and
collecy she congenyay e bogom of the, ‘ell. In hesmoc clewRT-PCR
was pbg-ammed as follo,, s: cDNA s _nhesis ag48 C f6=20 min wes,
inifal dena g+ fon 94 C fo=3 min s, 35 c_cles of denag+afon 94 C
fo=20 seconds, annealing 5§ C fo=30 seconds and eysension ag72 C
fo=l min u;e“ is y,as follo, ed b 72 C fow5 min wgs and 4 C four
foe e«PCR p=od c§, as=rpi 00 l%agaaase gel along,, it loading dye
0 i @lize the p=esence of 4gansgene in RNA.

Phenotypic observations

Taansgenic pmaroes ., et -2g | checked fowan = _is al
pheno lypic changes in theiwfarigshape, s'sface eyt on edad furiy
stages 10 lage mag+e swges. Ripened omat f=is | ee ssed for
spiciness by {,,0 people in lab.

Results

Transformation of tomato

T,,0 omawp lines (Mieo-Tina and Mieo-Tom) ,,e< sed fou
the gansfesmagon s ¢ dies. Cons4=icty,ith 355 psomosew;, as sed
sansfoan Miewo-Tina and conscyy, ith E8 pomosew, as sed
4ansfoan Mico-Tom. Alho gh the n mbe=of infecied lea es y as
noyco need,.egene=agon of call s fom lea es, as adable fo«boh
Mico-Tina and Mieo-Tom line. Mico-Tom sho,, ed ead ad anspge
it betie=rgeaninagon, fas( g0, t compawed © Mico-Tina (dag
noy collecied). D 4dng call s-<egenesafon case,, as aken o place the
leava adagalside @ 1 inewease the chance of-egenesajon. Cawe,, as
aken noy 0 o 6«0, d the plages and explang, e=es bc Jied e o
2, eeks. Once calli s aeted 0 p=od e eshooy, e , e wnsfug
1 Mageng box 10 gi eeno ghn wdens and=oom fe=plandes © g0,
fas g=rIn 1ol 30 4ansgenic plang &om 355 ecp=and 35 sansgenic
lines fom E8 _ec o, e gene=ated.

Con rmation of transgene insertion

Genomic DNA , as exsacied fom the lea es of sansgenic and
conol omap plane 1 pefeun PCR. H g-om _cin pdmes, ee sed
© confan e pesence of 4ansgene in"TO gene<agfon of ansgenic
plang (Fig+«e 2). H g<om cin bands , e« obseged in both Micwo-
Tina and Miewo-Tom #ansgenic lines b w,,e<e abseny fsom conol
plang con®aning the insefon of gansgene in oma o genome.

Gene expression

Eypession of sansgene , as confined b semia anggpq e RT-
PCR sing peppe=gene specific p<ime-s. Fowedch pdme=sey, once the
p-<ime , e designed, the_,, e blas ed agains ¢ omaio sea, ence 1©
confn theiwabsence f-om oma . Foweach of fawee gene one specific
p<ime=se g, as designed. RT-PCR,, as done sing these p<imes onRNA
ded; ed fom conyol as, ell as gansgenic plansg. Gel elecsophaesis of
the RT-PCR p=od ¢yshoy, ed the gene bands fowall thee ageygenes
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Figure 2: PCR confrmation of transgene. Lanes A and G-1 kb ladder; B-transgenic
line 1; C- transgenic line 2; D-Micro-Tina control; E-Micro-Tom control and F-PCR
negative control.

Figure 3: Gene expression in transgenic plants. Lanes A-ladder; B, C, D-control
for AT, BCAT and Kas gene; E, F, G-transgenic line 1 for AT, BCAT and Kas; H, I,
J-transgenic line 2 for AT, BCAT and Kas.

(AT, BCAT and Kas) in bo ¢ gansgenic lines s sed y, hile fhe consel
plangdid nogha e an,, gansgene expaession (Fig «£ 3)'' U is shoy, s all
fhee peppe=genes y, @£ ineg-ated in oma genome and,, e being
expaessed.

Phenotypic changes

Morphological changes: Tansgenic plan§ , e obsexed fowa
pheno lypiC s4=C (4=l changes in planyas,,ell in f«i§! X ee, e nd
0, 6=, hielming changes thay, e consis eny o gho wall sansgenic
lines, some 4ansgenic yma plans, ho, e e=rdid pod e fis, ith
peppe=like-o gh skin.

Spiciness: Ripened ansgenic yoma o f=i6, e s ted fo=hinof
howpess. Ty, o people s wed the j ice fom the same f=jy 10 degumine
yohethew thee is an_ howmess in i¢) X ewe | as consens s, none of
sansgenic oma f=is camded an_ spiciness on them. Aldo gh
0 +mts & fom RT-PCR s gges ed "the eypession of all fee gene
in sansgenic plans, lack of homess in faiiys igges g eifhew thee is
no deseceble inewease in capsaicin p=od cfon, 6= the bios_nthegc
pa lhh,ay_ea, i=es Mo=€ than 3 genes o be ove_e{p_essed.

Discussion

Tomaro as a biofac o fewp=od cfon of secondaw membolies
is noga ne, concepy ighas been demons4ased oma can be sed
in s ¢h p+pose [30] |, e able © se map © pod ce benlain
(food c.oloJ. Ol,l‘.l@"‘s‘l, dies bave sed omares l‘O inewease the
p=od cyjon of jado ¢ a onoids [31], phen Ip-opanoid compo nds
like-_mvuwl and genis ¢n [32]. Toma o f=j§ awe-<ich in meabolises
s «h as s gw0se, he,zoses, cigt e, malasge and asce<bic acids as \,vell
as secondaw meuboliss s h as cawoenoids, phen lp-opoids and
epenoids is some eyieny [33].11’ e p=esence of s ch compo nds
s igges & the p=esence of basic bios_nshesic path,, a_foweach in omarp.

e p=esence of fhese biosyn thegc pa l,hhays has Jed man 10 belie e
tomaio can be sed as a chassis 1o p=od ice Va_io s economicall as,, ell
as phawmacologicall  impo-an meboliss s ch as-egnol (xfis,amin
A) o gh B-caw ¢ne bios_nihesis [34] and dioscin o gh s epidal
glycoalkaloids p=0d ¢gon [35].

q . p=esence of def ncy capsaicinoid bios nihesis pagh, a_ in
maioes Qg @< an oppe-k niy 0 p-od e capsaicin in spmaipes.
is 4, ill all'eviage the p-oblems”associased ,ith peppexfaiming s ch
as  awing le els of p ngenc , en iwonmenegl dissess, slo,, seed
ge-minagon and long-life ¢ ote as yoell as high le_els of soil beane
diseases and nemasode infecgon [3]. Bo ¢ peppe=and omaio being the
membe=ofsame nigh shade famil | (Solanaceae) ha e majowconse~ed
s nen, y i basic ch-omosomeé n ymbewof =12 in boh species
ahd sHae man 4ais bey,een them [18]. Compasag e genomics
~e ealed pesence of all necessay capsaicinoid genes in omarp i
yA=ing expession [2]. O e xptssion of hose less eypessed genes in
vomaipes sho Jd in |he0_y make omaio f=i l,spicy.
B  insewing thee capsaicinoid genes (BCAT, Kas and AT) , e
in t,enged acq ae e capsacinoid pagy, a in mar. Agobac e m
mediased 4ansfoamafon meshod, as s ccéssf | in deli o= of all fhee
genes as e idenced b .—egeneagon of h gwom_cinesis @ariy4ansgenic
TFglanﬁ and eypaession of fhee peppémrgenes as seen in RT-PCR.
is, howeveq.- dld. No k-=es ¥ in :fmwmuase in capsaicin s nqhes.ls
O acc ym Jagon in ma f=is: e genesayon of s&nsgenic
romap plans exp=£ssing peppe=gene ho\,veveq- is a significanys ep
10, a<d the gene-asjon of spic_ toma goi" e co Jd be man_-=easons
wh 0s=plang | e nogp=od cing spic_ f=is. I{co Id be thay 0o
ligfe capsaicin 1o be desecied b_ s {ng, o= e thee genes mighy
. y o ) .
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