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Abstract; To clarify the dynamic variation pattern of appearance and morphology, nutrients, and gene
expression during the development process of blackberry ( Rubus spp.) fruits, the blackberry cultivar
* Arapaho’ was taken as the experimental material, and the phenotypic indexes, physiological and
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biochemical indexes, and gene expression levels of fruits at different developmental stages were compared
and analyzed. The results show that during the development process of blackberry fruits, the fruits turn
from cyan to dark purple, the red and green phase value (a” ) of the fruits at S1 (more than 95% of the
fruits are cyan) stage and the yellow and blue phase values (b ) of the fruits at S4 (about 50% of the
fruits turn dark purple) and S5 (more than 95% of the fruits are dark purple) stages are negative, the
fruit lightness (L") and color saturation (C" ) of the fruits at S1 stage are the highest, while those at S5
stage are the lowest; hardness and titratable acid content show a tendency to decrease, horizontal
diameter, vertical diameter, mass per fruit, soluble solid content, pH value, and anthocyanin content
show a tendency to increase in general, and total phenols content and flavonoid content show a tendency
to first decrease and then increase. The cumulative contribution rate of the first two principal components
in principal component analysis reaches 87.4% , and pH value, titratable acid content, and a” value are
the main evaluation indexes of fruit development dynamics. The correlation analysis result shows that the
phenotypic indexes of fruits mostly show significant or extremely significant correlations with physiological
and biochemical indexes. Titratable acid content shows significant or extremely significant correlations
with total phenols content, flavonoid content, and anthocyanin content, speculating titrable acid content
can affect the contents of total phenols, flavonoid and anthocyanin in blackberry fruits. The result of real-
time fluorescent quantitative PCR result shows that RuSUS and RuFRK may positively regulate sugar
metabolism in blackberry fruits, RuACO and RulDH may negatively regulate the accumulation of organic
acids in the fruits, there is a competitive relationship between the synthesis of proanthocyanidins and
anthocyanins involving RuANR and RulAR, and RuMYB8 may negatively regulate the synthesis of
flavonoids. The comprehensive research results indicate that the contents of sugars, acids, and flavonoids
in blackberry fruits, as well as their interactions and the expression levels of related genes, collectively
influence the appearance and morphology, and flavor of fruits.

Key words: blackberry ( Rubus spp.); fruit quality; phenotypic index; physiological and biochemical
index; correlation; gene expression

AT (Rubus spp. ) &35 154 FH ( Rosaceae ) 28 T & communis Linn. ) JE52 & B 3 R b Ry A 8
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AT MAAE L, T 1986 4 HLIRE
B BRI OTFET B UG A E N, B A 2518 N
PR AR AR RAEEIR RS
REE, B AR NKEEE, BREEY ., BT
A 2B AT E TR RAETR R Y SR 2 R
YRR IO Z W R AL O R A B A
PRI, A UAA SR e T R G
FATE R REEAERT

WE N RAEKCFRI3R R, H R KR AT 2 755K
HEaZ mREHAERKREE R PERNER, &
I3 1 SN SRR Az A AR AL I J2 T Y — 2R 5172
b, T EALFRAPIL @R SR R RS A
MRS BOIAR G R ek i AR (L 55 Bl oSS
KK, AT (Solanum melongena Linn.) F52 % B ik
PP R B E S, FERORN S EES R
BB R AHDCEE A 1 5 B IEMIDCE R A
(Vitis vinifera Linn. ) RS E TSR D O SEE BT
Fa BRI TS R T TERERL(Pyrus

30% ~40%"* . H( Ziziphus jujuba Mill.) F52 % 7 it
FErboE PRACHI AR OC KL R A B A7 22 57, IR A%
XN B R R AL B L ) Z/PEPCT W] BE S 52 1 1] % 78
MR EZHE Y, AL, Rk F R
HAMEEE B SR IE SRR R IR K fETE )
B, BRI R K R P AR A
an R B B AR S B A HT g (R B = X
Horh 25 TR BR B AH DGR 73BT, A A WL AR SCRE PR R 2 4L
Tl BIFFEHRIE

YR T 7 DR 820w W B 9T A B R A A
“ Arapaho’ EA: 7= RIS HLAR SCAE B A vyt
HIRL LR F SR PUA L RGBS T TR0
TRIT, R IUTE BB A R SR B A B IR A R e — R i
SN B AR T ORAPE AT, TR A L 2R 52 A
B R G EPMEAER %, AT DA R
PARE S AP Arapaho’ NBFFEXT G R RS A F id
FEHAMIE A B IR i SO R R A AR b 3
L FE T T AR DGR S BT BREAC R R Lk F
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SR, A BAPRICLH RTINS B IR RN SR B A 3

SSRGS bR , LUV AR5 A5 NSRS R B BER 52
TR SRR R I TR (8 A8 T R T 28
TEHER

1 AR

1.1 ##

SEAE AR ¢ Arapaho ” B SR SCHRE AL AE 2023 4F 6 H
KA TG v E B BEAR Y0 58 T (R B K X 1
IR HEH (b4 31°36" AR 119°117) ; Flvk 3
FRPERE+ (pH 5.52) , AL & i 18.67 g - kg™, &A
T 1.25 ¢ - ke EEAHE B A 4.83 mg - kg, AL
B E 94.21 mg - kg, RAERSL BB AMITAR
] % 75 B30T R SR, SR 52 959% L) b B (At o ST R
W1, 52 50% £ A7 e ol 4 g N S2 B, SRS
95% LA 25 R e ikt A S3 I, SRS 509% A A B
RIREE AT HEA S4 I RS 95% D) 1 2 IR 5 A
HEA S5 BB (B 1), 43 5%I7E S1,S2,S3 .54 F1 S5 I

S1: 3L 95% L) 57 5 More than 95% of the fruits are cyan; S2: F
52 50% £E AT 5 LTS About 50% of the fruits turn red; S3: 252 95%LA
HE ML (D More than 95% of the fruits turn red; S4. H5Z 50% 2 £ 5%
ATEEE About 50% of the fruits turn dark purple; S5: H5295% LA 5
R4 More than 95% of the fruits are dark purple.

1 BEERIFELEHHNMURS
Fig. 1 Appearance and morphology at different developmental stages
of blackberry ( Rubus spp.) fruits
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SRAHME (2™ ) B AR (b ™ ) s Horp 2™ fH o IE 10 ]
BEOIREL 0, 52 2 WMl 2 €0 5 b ™ {0 A 1 Ud I 231 €0 v
0, 5 22 Wi i 0 FE— DTSRI (C7) L3t
BN €7 = (a+b ") 2l AR R R ORS
J£0.01 mm) &R LARAE W2 T2 —H
T RVFRiE R BT & T GY -4 RUR SRS EE T (Bt
MR GRS A PR R ) il SRS

122 REAmAfIEAMNE HURRS KT
WL 2 o EREAFEE IR 0.5 mL 2J30, ] PAL-1
B IMARAL(H A Atago 23 1) W2 &) WK A AT ¥
BIEY) & s M 2 g & K B IR S =0T, A
8 mL XUZE /KT LA H, #8820 min, (1] pH U
FEA (UM 4 A A B 7)) € FIE WY pH {8
BB B 5 mL, A 15 mL ZEKIR 2], R R
BRI 2k ZD-2 [ Bl A (B 438
AR PR 2w ) D SR S b o] E R 8
Folin—Ciocerteu 2" 5 5 5 Hh B 3 15 2 5 fiff FH S ¢
i e AGHI R A 1R & (1 s A ) AR A
JIT ) W 5 SRS v 2 B 2 s SR pH R 25k e
RO &,

1.2.3 R % RNA #9325 Rk & (@AY
Ak RNA PR B0 & (b mt | 28 s A W HOR A R
o)) R BOBREA R & F IR SR S RNA BA Ty
S UL A5 i ] TaKaRa PrimeSecript RT Master
Mix ( Perfect Real Time) {7l & H BEA W+ A (It
5O AR T ) 8 A [6] SR SRR B RNA B s i
cDNA |

1.2.4 B3R HKEE PCR(RT-qPCR) FETIHEIAH
A IR SR AL 80 ) 70 AR hR 2 h A k22 5
PRI O 8 H 22 S SRR AR RTE 2 A DL b A
PRI, e e 3] 3 S WA AR OC 56 TR . EBE 5 1l il
synthase ) & A RuSUS, C Wi ¥ 1§
(hexokinase ) 3K RuHEK SN I ( fructokinase ) 4t
K RuFRK; 3 A R AL AR OG5 X 5 3k IR K & T
(aconitate hydratase ) %& K RuACO | 5 #7165 ik it & it
(isocitrate dehydrogenase ) 3 [ RulDH SE R g I A

( sucrose
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( malate dehydrogenase ) & [ RuMDH ; % % Huang
SIS BAREAE €0 AR AR OG 3R R I AR ST 5 2R, Bk
Horp 22 R R BUR R 1) 5 ARG W6 U
KL . B BE A B (flavonol synthase )
RuFLS A (% 2 i JA [ ( anthocyanin reductase ) F&
RuANR |, TG {8 4€ 8 % i& it B ( leucoanthocyanidin
reductase ) &K RulAR %% 5% K bHLHO ( transcription
factor bHLH9 ) 3£ X RubHLH9 . ¥; 5% [ ¥ MYBS
(transcription factor MYBS) J& K RuMYBS , 43 ) 1% 11
SERGIY, I LL Rul8S JINSHEIN (% 1) #E47 RT-
qPCR, SRH 278k S R AR X e ik i, R
TB Green Premix Ex Taq 11( Tli RNaseH Plus) 7] &
(FHEAWEAR (ALs) A R2A F ) 47 RT-gPCR
SN, AR R BEARFL 15.0 pL: TB Green Premix
Taq 11 5364k 7.5 wL cDNA R4 1.0 pL. F3HEFIF
W5 19145 0.6 L .ddH,0 5.3 uL, RT-qPCR ;95 C

x1 BEERLLEIBRPXEEEANESSIWFT
Table 1  Quantitative primer sequences of key genes during the
development process of blackberry ( Rubus spp.) fruits

K #5149 Forward primer TS 1Y) Reverse primer

Gene (5'—3") (5'—=3")

RuSUS AGTGCTACAAGCTCCAGACCCA CACCGGTGTCTGGCAAACCA
RuHEK GAAGGCGAATGTCAAGTGCT CGTTGTTCTCCTGCAGATGG
RuFRK ATTTACCGCGCCCACTCCTC GGTCGTGCACGGAGCCATT
RuACO CAGCACAGCTCAGGCATGGA TGCAACCAAAGCAGCTCCGA
RulDH GAGTGCCGAAGCCGCTCTTA GTGCCATTGGGACTCCTCCAC
RuMDH  AGTGGCCTCAAGGCAACGAC GCGAGCAAACGAAGCAGCTC
RuFLS AGCTGCCGGCCAAGTTCATC GACCACGTCGTGTGGCTGAG
RuANR GCTGTTGAAGGTGGGTGGCTT ~ GGAGTGAGACTAGCACCAGCCA
RulAR GGAGTTCGGGCACGATGTGG CGTGGTACGGCCAAGAAGCA

RubHLH9 TGCAGGCCTACTTCGATGCG
RuMYBS8  GTGCCAACGCAGCAACACTC
Rul8S ACGTCATCCTCCGGCAAAGC

GTCCCGGCAATCTTCCAGCA
GCTGCCCAGGTTAGCCGTAG
ACGACGAAGCTCGCAAGTACAC

®2 BERLARRERHAMHREIEIRLE (X2SD) Y

TAEYE 2 min;95 CAE M 10 5 .60 CiR 2k 10 5,72 CHE
15 5,40 DMEIF, BARBCE 3 MIREER
1.3 HRAEFS T

FrA AR 3P A E AR E 22 . ] 1BM
SPSS Statistics v.24.0 #{4XF F i #1748 F0 L8 A
Mr, K FH 5 2R 7 22 (one-way ANOVA) 43 ¥1 F
Duncan’s 2 5 HLEAS [F] & & B Be R SE iRk k17 L
IR 53 W2 M 40T (P<0.05) 5 SR I F 434 5 ik
XFINAS Y 14 S EPRIEAT F 0053 704, JF A Pearson
AHSENEAI M T A3 M X 14 AR 2 [ AR &, f
H Origin 2021 4K,

2 HRAHA

21 EERIRISIRST

PR TSN [R] & 7 A 1 2 TR A B G S DL
T2, HRER . NBOSHE, BERLITHLE
(L) ME RSk B B HREAR, o ST 95% L
R B L E S T AR, S5 (R AL
95% Lk L REURE ) B L H KT H A
S1 B IR SE L4 ARME (™ ) S B, AR BT I, S3
(RS2 95% L FRE L) I o Ak, H 3
e TR B0 ST IR S mak 4 5 4 AN
PR (5, S3 I LT . S4(SR52 50% Ao dq i Jy ik 46
) S5 2 AR SE R AR (b7 ) i, H i 2
MR HAY 3 AR, A S4 AN S5 ek 31 SR S i o €5,
IS S ™ (W IE L7 AE 8K, foe 28 i ) BA A SR
SRR ST R S3 IR SL B @RI (C7)
82 R TR, S5 B IR AL C 7 A W E AR TR

Table 2 Comparison on phenotypic indexes at different developmental stages of blackberry (Rubus spp.) fruits (X+SD)"

(0, 5% te i 1% iz - ~
1 iS50 Color parameter Fi J;/mm ,ﬂ\{;{mm Eﬁ%ﬁﬁi/g T]}lg/( ke - cm’z)
St Horizontal Vertical Mass feuit Hardness
age L a” b* c diameter diameter ass per ardness
S1 35.65+4.60a -2.58+2.08e 21.41+3.46a 21.62+3.64a 13.49+0.83d 18.65+1.06b 1.98+0.22d 15.89+0.70a
S2 26.16+5.36b 6.97+3.06¢ 10.06+6.16h 13.24+4.06b 14.74+£0.52cd  19.38+1.34b 1.98+0.29d 15.48+2.10a
S3 24.40+1.69h 18.22+2.04a 10.26+3.12h 21.04+2.73a 16.10£1.91¢ 19.65+2.50b 2.94+0.49¢ 12.06+2.86h
S4 21.99+3.94b 11.99£2.98h  -2.92+2.14c¢ 12.54+2.71b 18.03+1.14b 22.41+1.70a 4.10+0.50b 6.79+1.63¢
S5 16.69+2.39¢ 4.04+£2.24d  -0.39x2.17¢ 4.73+1.62¢ 20.33+1.12a 22.58+1.05a 4.62+0.53a 2.09+0.56d

DS1, 52 95%LA [ 575 {7 More than 95% of the fruits are cyan; S2: H52 50% 2545 N 21 (5, About 50% of the fruits turn red; S3; H5295% L) |
T R E1 8 More than 95% of the fruits turn red; S4: H5Z 50% A2 4755 MR 2 About 50% of the fruits turn dark purple; S5: H5295% LI I R IR %
%, More than 95% of the fruits are dark purple. L™ ; HH =5 g5 Lightness; a* . 2144 4{H Red and green phase value; b”* . W5 AH{E Yellow and blue
phase value; C* : BUEIRFIEE Color saturation. [F]51 W AR[R] (1) /NE 4R 22 5 .35 ( P<0.05) Different lowercases in the same column indicate the
significant differences ( P<0.05).



SMERR, A BAERSR B R ANIUE S VB IR R N Rk ) Sh 2 A 5

AT, Ul W R SR AS B 7 (0 BT (0 I B (B A A, 2R
S LR B AR

R (K 2) 10 WoR  FRAFR RS AR TR
PR RS B R T m R Horp s4 F S5
IR L3R 3 A FE AR 0 35w T AT 3 i, SRS
i R Bt SRR T S AR AR e, b T 3 A IE
SR SR 0 2 R T 2 A
22 BEERTEBENERSNT
2.2.1 #AemoAT  GEA(FR3) R BEER A

®3 EEREIFAELERPNEERELERLE(X2SD)Y
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FE S4 (R 50% 7e A7 R g4 ) Tl S5 (RS 95% L
R ) R R SE AT B e B T
S5 WM AT T DR ) & e, 8 8 11.37%, R
S pH {ELRE SR 52 & & W, HoAs B R 22 e
., ORI R fr i A R SR BB EREAR, B
Aef A ) A 2 S B 2, S5 AR50 pH (B o2 25 SRAHAT
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Table 3 Comparison on physiological and biochemical indexes at different developmental stages of blackberry ( Rubus spp.) fruits (X+SD)"

AT R B % A E IR B R/ (mg - ¢! e 1 ” o
At 47 AT R D) F’ /% pH 8 T{”/_ng o - % %Fﬁ it/ (mg - g7) FEE A B/ ( mg * g;l ) A ER/( mg * g’l )
. Soluble solid Titratable acid Total phenols . . .
Stage pH value Flavonoid content Anthocyanin content
content content content

S1 5.42+0.19¢ 2.70+0.01e 34.50+0.50a 6.18+0.20a 2.44+0.06a 0.07+0.01e

S2 5.60+0.28¢ 2.86+0.01d 30.00+1.00b 6.12+0.11a 1.49+0.24b 0.21+0.01d

S3 5.92+0.50¢ 2.89+0.01¢ 27.00+1.32¢ 2.71+0.01b 0.82+0.08¢ 0.31+0.03¢

S4 7.90+0.47h 3.14+0.01b 25.67+1.01c 2.15+0.06¢ 0.69+0.04c 1.36+£0.09h

S5 11.37+1.02a 3.40+0.01a 17.92+0.14d 2.73+0.03b 1.33+0.08b 6.03+£0.07a

DS, 52 95%) | 2758 More than 95% of the fruits are cyan; S2. B 509 2247 AT A5 About 50% of the fruits turn red; S3: 3L 95% L I
5] 4148 More than 95% of the fruits turn red; S4. J5C 50% A5 IR 48, About 50% of the fruits turn dark purple; S5 2959 D) IR
&, More than 95% of the fruits are dark purple. [F%1H R [A] #/NE Fh: 7R 22 55 .3 (P<0.05) Different lowercases in the same column indicate the

significant differences (P<0.05).

LA AT o) o 3 R R SR S B e e T
AN, ST R AY B A A (6,18 mg - g7') ,S4
IR ) S I i B (K (215 mg - g7') o SRS T
A R A E L, BN e RS T
15, ST A S B % f fe s (2.44 mg - g7, S4 B
WIS R & K (0.69 mg - ¢7'), “HEHF R
% RSB O RS IR 22 5 W2 RT3 A
W& R (0.07~0.31 mg - g7'),S4 B 2T
(1.36 mg + ¢7'), S5 WA B A6 17 % &2 i =5 (6.03
mg g '),
2.3 ERHSHH

Xof AR SR SR AR R AR B A AR AR AR AT S AT
M, Z5 LR 2, g5 R BN AT 2 A F R BIE T
HRRINF 87.4% ,3X 2 A~ F o B R FEM:, vT LA
Tt 0500, 51 ERSTBIRCR R 71.8% , H
o 12 MR bR B B AT, AR R R T
i A TERDEY) & pH (AL & A B 1)
TR AT, 439 R -0.939, -0.758 ., - 0.919, —0.908 .
-0.972H1-0.833, YLIASE 1 F /51X 6 MHE4R R
FOE; BASEBE (L) B AHME (b ) | B 6 ff 0
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L* . B52FE Lightness; a* : ZL4¢HA{H Red and green phase value; b* :
W5 A {H Yellow and blue phase value; C* . B4 4 F1 B Color
saturation; d, : 18§72 Horizontal diameter; d,; Z\4% Vertical diameter; m
PR Mass per fruit; H. 15 ¥ Hardness; Weg 3 w A E Y A
Soluble solid content; pH: pH {H pH value; wy,: PJ i E MR &
Titratable acid content; wqp : &} 75 5 Total phenols content; wy: ZE¥
Fifl & Flavonoid content; w, ; {£ (AT & Anthocyanin content. [EH [
FLFRIRFEAR I /3 A 15 B The dots in figure represent the distribution of
samples. 55 H 1 H 3 80H 5THK # The percentages in parentheses are

the contribution rates.

B2 EERLRIMEREMIEROERSSH
Fig. 2 Principal component analysis on phenotypic and physiological
and biochemical indexes of blackberry ( Rubus spp.) fruits
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(C™) R 0T E R B B ML B B 1 IE 2K
far, 235124 0.888 ,0.915 ,0.800 ,0.940 ,0.955 F1 0.844,
VLIS 1 ER 5 6 Mets B IEMC, 12 M8
i pH LA ] IR A R 1 Y AR e 48 XHE RO, Y E
0.95Vh I %65 2 EMA I TTIRF N 15.6% , L4 AH{H
(a* ) AH T (-0.890) | 25 B & A 3
FYIEZRAT (0.718) , ULBAEE 2 /5 a™ {62 Al
K, E N i S AR AR DG, A A BT I
pH {H | A% 58 1R & e ANZL SR MM 3 A REIR R L &
B EEMEMFEIR,

R4 EERTREMEELENIERENHELRYY

Table 4 Coefficient of correlation between phenotypic and physiological and biochemical indexes of blackberry ( Rubus spp.) fruits

2.4 XMW
X REERSI 14 N HRAR AT A O 43 AT, 4

WK 4, BERTR BRI R AR A A fuds
P ) 22 00 5 Wk 3 b ol 2B ARG . B AR O AR T
B A TEEIE Y &R pH [EAE O SR 2 1A
0 S Y I T A S, LY A R AT R R R
RN E G, A E SIEE S 2R
FHIFARDC, ULIAZE A R LR F il i, X 2 MEr
RS B, AR ER GRS S eE
Wtk 2 TEAROG , 55 28 B 7 ot 5t Wl 2 TE ARG HE AT

1)

ok FIXKZEL  Coefficient of correlation

Index L* a* b* C* d, d, m H Wsg pH LV Wrp Wy
a® -0.382

b*  0.821 *x -0.309

C* 0714 %= 0.142 0.828 =

d, -0.769 == 0307  —0.791 %% —0.664 **

d, -0.633: 0.324 =0.716 ** —0.558 * 0.625 *

m  =0.758 =% 0.225  -0.823 #* —0.672 %%  0.950 **x 0.596 *

H 0.768 ** -0.218 0.812 %%  0.697 #% —0.947 ## —0.648 #:* —0.918 #x*

wsg —0.742 % -0.034  -0.772 =% —-0.841 ** 0.864 ** 0.616 * 0.846 #* —(.888 **

pH -0.848 %=  0.126  —0.877 #* —0.876 %% 0.906 ** 0.682 x* (0.895 #* —0.906 **  0.955 s

wry  0.871 %% —-0.287 0.815 #%  0.774 % —0.895 ** —0.646 ** —0.837 ** 0.881 % —0.908 ** —0.956 *=*

wpp  0.740 %% —-0.632 %  0.790 **x 0.411 —0.806 ** —0.767 ** —0.794 %  0.829 #* —0.611* —0.711 %%  (0.745 #=*

Wy 0.725 % =0.799 =* 0.704 xx 0.318 -0.545 % -0.670 =* —-0.502 0.501 -0.302 -0.495 0.562 = 0.819 =

wy  —0.665 #* —0.120 -0.640 %« -0.805 #* 0.810 %= 0.515 = 0.776 =% —0.822 %%  0.955 =%  0.914 %% —0.889 ** —(0.485 -0.154
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Fig. 3 Expression levels of genes related to sugar metabolism, acid metabolism, and flavonoids synthesis at different developmental stages of
blackberry ( Rubus spp.) fruits
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