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Abstract: [Objective] The eastern Gansu region stands as a pivotal hub for premium apple production
in China. However, the industry faces systemic challenges collectively referred to as the "four aging" di-
lemmas: Aging orchards, an aging workforce, obsolete cultivars, and outdated cultivation techniques.
Traditional vigorous-rootstock systems exacerbate issues like excessive vegetative growth, low flower
bud differentiation rates, and high dependency on labor-intensive practices such as trunk girdling and
manual pruning and training. These factors severely hinder the transition to modern, high-density dwarf-
ing cultivation systems. Chemical growth regulation, particularly using plant growth retardants, offers a
promising solution to mitigate vegetative vigor, optimize tree architecture, and enhance reproductive ef-
ficiency. This study investigated the concentration- and variety-specific responses of four newly intro-
duced elite apple varieties—Qinchui, Jiuyue Miracle, Azhen, and Venus Golden—to prohexadione calci-
umon (Pro-Ca) applications. The primary objectives were to: (1) quantify the effects of Pro-Ca on leaf
physiology, branch morphology, and flower bud differentiation; (2) elucidate varietal sensitivity thresh-
olds; (3) establish tailored chemical regulation protocols to support the modernization and sustainability

of apple production in Gansu. [Methods] The experiment was conducted over the 2023—2024 growing
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seasons. Three-year-old trees of the four test varieties, all grafted onto T337 dwarfing rootstock and
planted at 1.5 m x 4.0 m spacing, served as plant material. A randomized complete block design was im-
plemented with four Pro-Ca concentration treatments: 0 mg- L' (Control, CK), 250 mg-L", 500 mg-L",
and 750 mg - L. Each treatment included three replicates, with five trees per replicate. Pro-Ca was ap-
plied via foliar spraying using a high-pressure sprayer at a volume of 500 mL per tree. Three uniform
applications were made at critical growth stages: May 21, June 1, and June 11, 2024. Control trees re-
ceived equivalent volumes of water. Leaf morphological and physiological parameters including leaf ar-
ea (cm’), leaf length (cm), leaf width (¢cm), chlorophyll content (SPAD), leaf thickness (mm), petiole
length (cm), fresh mass (g), dry mass (g), hundred-leaf mass (g), and leaf water content (%) were mea-
sured 30 days after the final spray. Branch morphological parameters including short shoot count, length
(cm), diameter (mm), internode count, and internode length (cm) were recorded for current-year shoots.
Flower bud differentiation performance parameters including total flower buds, counts of one-year-old
branches, long branches (=30 cm), intermediate branches (15-30 c¢m), and short shoot (<15 cm), along
with spatial metrics (flower bud intervals on long/intermediate/short branches), were assessed during
dormancy. [Results] Pro-Ca significantly suppressed leaf expansion in a concentration- and variety-de-
pendent manner. At 750 mg- L™, leaf area reductions were most severe and 38.55%, 34.02%, 31.40% and
29.87% in Qinchui, Venus Golden, Azhen and Jiuyue Miracle, respectively. Dose-dependent declines in
leaf length (35.4%-39.6%) and width (10.3%—14.8%) were observed, with Azhen exhibiting peak sensi-
tivity at 500 mg-L"'. Fresh mass, hundred-leaf mass, and dry mass decreased significantly under 750 mg-L"'
for Jiuyue Miracle, Azhen, and Venus Golden. Chlorophyll content and leaf water status remained statis-
tically unchanged across all treatments and varieties. Qinchui maintained stable leaf thickness and peti-
ole length regardless of concentration, whereas other varieties showed reductions at 750 mg- L. Low-
dose Pro-Ca (250 mg - L") markedly increased short branch density in Qinchui (46.2% higher than CK)
and enhanced diameter by 9.6%. Conversely, Azhen required 750 mg- L' to achieve a significant 6.6%
increase in short shoot diameter. Concentrations =500 mg - L' inhibited shoot elongation. Internode
length, total branch length, and node number decreased universally at 750 mg - L. Venus Golden dis-
played acute sensitivity, with severe growth inhibition at 750 mg - L''. Qinchui exhibited a 12.5% in-
crease in total flower buds at 250 mg- L', but suffered a 33.3% reduction at 750 mg-L"'. Venus Golden
achieved peak flower bud formation (39.1% above CK) at 500 mg- L. Jiuyue Miracle showed a 53.3%
surge in one-year-old branches at 250 mg - L'. Pro-Ca shortened flower bud intervals on long branches
across varieties, most notably in Azhen (33.2% reduction at 750 mg- L") and Venus Golden (43% reduc-
tion at 750 mg - L'"). Jiuyue Miracle doubled intermediate-branch flower buds at 750 mg - L' despite
overall growth suppression. 750 mg - L' Pro-Ca reduced long-branch counts in Qinchui (71.4% reduc-
tion) and Venus Golden (45.5% reduction), promoting a compact canopy structure. [Conclusion] Qin-
chui and Jiuyue Miracle responded optimally to low doses (250 mg- L"), where vegetative growth con-
trol (short shoot promotion and shoot suppression) and floral enhancement were balanced. In contrast,
Azhen and Venus Golden required higher concentrations (=500 mg - L") for effective canopy compac-
tion and flower bud optimization, reflecting fundamental differences in GA metabolism or sink strength.
Significant leaf area reduction at 750 mg- L™ did not impair chlorophyll synthesis or hydration, suggest-
ing Pro-Ca’s action is morphological rather than metabolic. Biomass declines were likely secondary to
reduced photosynthetic area rather than direct inhibition of carbon fixation. Pro-Ca’ s promotion of
short branches and shortened flower bud intervals aligns with the physiological paradigm that compact,

fruit-bearing structures enhance light interception and resource allocation efficiency. The doubling of in-
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termediate-branch flower buds in Jiuyue Miracle at 750 mg- L' underscores Pro-Ca’s role in bud initia-

tion beyond mere growth suppression. The recommended concentrations, 250 mg - L™ for Qinchui and

Jiuyue Miracle, and 500 mg - L' for Azhen and Venus Golden, accelerate yield formation in young

dwarf orchards, potentially shorten the non-bearing period by 1-2 years, and enable precise vegetative-

reproductive balance by enhancing short branch formation, flower bud density, and spatial distribution.

This research provides the first comprehensive framework for Pro-Ca application in China’s leading

new apple varieties, addressing the core challenges of the “four aging” crisis in Gansu’s apple industry.
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Fig. 1 Effects of different concentrations of prohexadione calcium on the leaf morphology of four new
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Tablel Effects of different concentration of prohexadione calcium on the physiological indexes of leaves in four new and

excellent apple varieties

e f)@J%JM@éz_%’%) ‘ o T 0P i ﬂ'l‘)ﬁix MR ﬂ'I‘HE}E
Variety rohexadl(?ne calcmn?] Leaf area/em’ Leaf length/cm Leaf width/ Chlorophyll Leaf thickness/
concentration/(mg- L") cm content/SPAD mm
ZEHfa 0 (CKD 38.9442.30 a 9.29+0.66 a 6.13£0.09 ab 58.80+1.60 a 0.58+0.04 a
Qincui 250 32.4143.30 ab 7.540.55 ab 5714022ab 592342204 0.5940.02 a
500 38.49+6.95 ab 7.9040.60 ab 6.26+0.85 a 6123121 a 0.54+0.06 a
750 23.93+3.06 b 6.96:0.76 b 4.55£0.29 b 56.8740.77 a 0.51+0.03 a
79 Rapus 0(CK) 27.18+4.55 a 6.91£0.48 a 5.08+0.49 a 57.97+0.58 a 0.45£0.01 a
]J\;[L:ry;ele 250 26.67+2.16 a 6.78+0.38 a 5.26+0.18 a 54.13+2.15 a 0.46+0.02 a
500 24.75+2.67 a 6.59+0.37 a 5.00+0.41 a 58.80£0.40 a 0.47+0.01 a
750 19.06+3.91 a 5.61+0.38 a 4324043 a 60.33+2.82 a 0.43+0.01 a
[ 0(CK) 39.40+3.74 a 8.33£0.81 a 6.37£0.26 a 52.40+1.14 b 0.5240.03 a
Azhen 250 31.03+4.38 ab 7.23+0.64 a 5.56+0.45 ab 52.53+2.44 b 0.50+0.01 a
500 21.23+1.62 b 6.72+0.50 a 4.41+0.11b 58.80+2.01 a 0.48+0.02 a
750 27.0342.20 b 7.3040.24 a 5.17+0.44 b 55.17+1.42 ab 0.49+0.01 a
LR 0(CK) 36.36+2.55 a 8.75+0.43 a 5.86+0.23 a 55.63+0.70 a 0.75+0.05 a
‘éi‘;gzn 250 34.76+4.12 a 7.96+0.72 ab 5.51+0.34a 55.90+1.54 a 0.65+0.03 ab
500 32.06+1.81 ab 8.23+0.39 ab 5.23+0.02 ab 55.13+1.61 a 0.59+0.06 b
750 23.99+1.54 b 6.89+0.07 b 4.67+0.23 b 53.09+1.42 a 0.53+0.01 b
i PCRFmTD K BB HRE TR ORI
Variety Prohexadlc')ne calmuni Petiole length/cm  Fresh mass/g Hundred- Dry mass/g Moisture
concentration/(mg-L") leave mass/g content/%
e 0 (CK) 2.50+0.06 a 17.3240.12 a 86.36+0.34 a 30.97+0.09 a 64.00+0.45 a
Qincui 250 223+0.15a 17.13£0.22 a 87.2140.45 a 30.09+0.50 a 65.97+0.90 a
500 2.47+0.07 a 16.1120.46 b 84.05+0.39 b 30.52+0.31 a 64.7140.32 a
750 2.03+0.30 a 13.44+0.21 ¢ 65.9940.31 ¢ 23.3440.27 b 64.05+0.51 a
79 Rapus 0(CK) 3.13x0.13 a 15.38+0.15 a 76.29+1.14 a 29.09+0.45 a 62.35+0.27 ab
ﬁﬁfle 250 3.17£0.20 a 14.8440.17 a 72.0440.42 b 25.95+0.46 b 62.65+0.22 ab
500 2.90+0.10 ab 14.63+0.29 a 74.35+0.65 ab 28.2140.15 a 62.09+0.11 b
750 2.57+0.12 b 11.20+0.49 b 59.71£0.77 ¢ 21.62+0.20 ¢ 62.8940.21 a
523 0(CK) 2.5040.06 be 17.16+0.16 a 85.76+0.38 a 31.88+0.51 a 63.76£0.43 a
Azhen 250 3.40+0.06 a 17.63+0.42 a 86.04+0.37 a 32.62+0.60 a 63.25£0.45 a
500 2.80+0.12b 13.16£0.51 b 67.84£0.51 b 24.97+0.27 b 65.13+1.89 a
750 2.13£0.20 ¢ 12.98+0.37 b 68.23+0.21 b 24.88+0.32 b 62.95£0.26 a
rah v 0(CK) 2.80£0.12 a 22.53+0.51 a 114.25+0.37 a 42.17+0.45 a 63.03+0.48 a
gz‘;;lzn 250 2.10£0.29 b 19.2240.54 b 98.22+0.38 b 36.18+0.21 b 63.05£0.14 a
500 2.37+0.13 ab 19.17+0.34 b 96.3140.25 ¢ 36.52+0.32 b 63.37+1.25a
750 2.43+0.03 ab 1421£0.51 ¢ 72.07+0.40 d 28.62+0.39 ¢ 62.59+0.47 a
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Table 2 Effects of different concentrations of prohexadione calcium on the growth of branches of four new

and superior apple varieties

o p<iJ§ﬂM§%15‘ > A K FR K %ML R A
Variety Prohexad19ne calc1urr1 Number of Short branch B.ranch Nu'm'ber Internode
concentration/(mg-L™") short branches length/cm diameter/mm of joints length/cm
ZE i 0 (CK) 13£1.15b 29.00+£3.51 a 4.81+0.38 ab 14+0.33 a 2.66+0.27 ab
Qincui 250 1942.40 a 29.2241.22a 527+0.12a 1340.33 a 2.99+0.12 a
500 15+1.15 ab 14.33+0.67 b 3.92+0.32 b 1122.96 ab 2.49+0.20 ab
750 15+1.53 ab 15.672.19b 4.612£0.52 ab 740.58 b 2.35+0.11b
795 Rap) 0 (CK) 18+2.00 a 35.67+5.33 a 5.86+0.36 a 13+0.58 a 2.94+0.12 ab
i;[‘i-‘:;;e 250 19+2.08 a 26.33+3.28 b 5.2240.32a 11£0.88 b 3.06+0.17 a
500 15+1.00 a 21.3343.67b 524+032a 10£0.58 b 2.61+0.09 b
750 17+2.03 a 17.00£2.52 b 4.83+0.35a 10£0.58 b 2.08+0.09 ¢
(E 0 (CK) 18+2.33 a 47.33+1.86 a 5.9420.26 ab 16£1.20 a 3.1420.15a
Azhen 250 15£1.20 a 35.33+£3.71b 4.83£0.35 ¢ 11£0.33 ¢ 2.60+£0.13 b
500 18£1.53 a 29.00+3.79 b 4.99+0.27 be 15+1.20 ab 2.58+0.06 b
750 13£1.15a 33.33+2.40 b 6.33+0.31a 13+0.33 be 2.42+0.04 b
AN < 0 (CK) 25+0.88 a 40.67+3.84 a 5.33+0.10 a 18+0.33 a 3.0740.06 a
zfﬁzn 250 18£2.52 b 33.00+3.21 b 5.06+0.37 ab 15£0.33 b 2.59+0.07 ab
500 22+0.58 ab 26.67+2.40 be 5.02+0.03 ab 13£0.33 ¢ 2.74+40.16 ab
750 21+2.60 ab 20.33+0.67 ¢ 4.40+0.21 b 13£0.33 ¢ 2.74+0.16 b
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Table 3 Effects of different concentrations of prohexadione calcium on flower bud differentiation of four new
and superior apple varieties
- PORTIIED | EEE ERAGE KRN REEFER PR N
Variety cium concentration/ Number of Number of one- Number of Number of long Number of inter- intermittent
(mg-L) flower buds  year-old branch long branch shoot flower bud ~ mediate branch flower bud
i 0 (CK) 24+0.88 b 11£0.58 b 740.58 a 13+0.33 a 54033 a 7£0.33 b
Qincui 250 27+0.88 a 12+0.33 ab 540.33 b 10£0.58 b 4£0.33 a 13£0.58 a
500 26£0.58ab  13+0.58 a 4£0.33 b 9+0.33 ¢ 5+0.67 a 8+0.33 b
750 16£0.58 ¢ 9+0.33 ¢ 2+0.33 ¢ 3+0.33 d 4£0.33 a 8+0.58 b
79 kapus 0 (CKD 20+0.33 ¢ 15+0.58 b 740.33 b 13+0.58 a 5+0.58 b 5+£0.33 ¢
]J\i[‘g’;‘se 250 23+0.58 b 23+1.53 a 6+0.58 ¢ 8+0.88 b 740.33 b 5+0.58 b
500 24+0.33 a 17£0.88 b 8+0.33 b 15+0.88 a 540.33 b 6+0.33 b
750 23+0.33 b 15£0.88 b 10£0.58 a 10£0.58 b 13+145a 10£0.58 a
R 0 (CK) 17+0.58 a 1420.58 a 8+0.58 a 11£0.58 a 5+0.58 a 5+0.33 a
Azhen 250 19£0.58 a 13+0.33 ab 740.33 ab 10+1.20 ab 5+0.59 a 6+0.58 a
500 17£0.58 a 12+0.58 ab 6+0.58 b 10+0.58 ab 34033 a 6+0.58 a
750 18£0.58 a 11£0.88 ¢ 4+0.33 ¢ 8+0.58 b 4£0.58 a 7+0.88 a
geghisi e 0 (CKO 23+0.58 b 15£0.58 b 11£0.58 a 17+0.88 b 2+0.33 b 4033 ¢
‘é‘(’)‘ﬁ; 250 26+0.58 b 14+0.58 b 9+0.33 b 18+0.58 b 3+0.58 b 42058 ¢
500 32+1.53a 18+0.88 a 11£0.58 a 23+0.88 a 5033 a 8+0.58 b
750 23+0.88 b 13+0.58 b 6+0.58 ¢ 10+0.58 ¢ 5+0.58 a 10+0.58 a
IR _ _ A 1 2 T A Y ]
Hl A gi;fif;iiz calcium AR ABAEF R ]iiig%f;illm i Et?ﬂfiiﬁi gliﬂie I%:t?rvflf;}\‘;iﬁj
Variety concentration/ Number of Number of short single flower bud flower buds interval/ short-shoot single
(mg-L" short branch shoot flower bud interval/cm cm flower bud/cm
Z#ffe 0 (CK) 24033 b 340.58 ¢ 24.89+0.16 ¢ 18.20+0.23 a 9.83+0.14 a
Qincui 250 24033 b 6+0.33 b 26.080.17 b 13.050.11 b 7.58+0.29 ¢
500 4£0.58 a 8+0.33 a 24.90+0.37 ¢ 11.09+0.10 b 8.50£0.15 b
750 2+0.33 b 34033 ¢ 28.1240.39 a 12.87+0.15 b 8.94+0.08 b
BAH #ilk 0 (CK) 24033 a 2+0.33 a 38.16+0.31 b 21.53+0.42 a 10.99+0.25 a
iﬂ;ﬁe 250 2+0.33 a 24033 a 39.5240.39 a 17.32+0.44 ¢ 9.60£0.31 b
500 240.33 a 24033 a 36.01£0.33 ¢ 19.73+0.38 b 10.24+0.18 ab
750 3+0.33 a 2+0.33 a 27.18+0.57 d 14.26+0.14 d 10.2240.26 ab
R 32 0 (CKD 1+0.33 a 1+0.33 a 48.46+0.45 a 21.06+0.26 a 12.13£0.29 a
Azhen 250 240.33 a 2+0.58 a 35.3240.42 ¢ 19.78+0.16 b 11.33+0.24 ab
500 1£0.33 a 1£0.33 a 37.00+0.06 b 18.85+0.14 ¢ 12.03+0.33 a
750 2+0.58 a 240.12a 32.38+0.36 d 16.95+0.35d 10.78+0.25 b
et e: 0 (CKD 2033 a 1£0.33 a 48.34+0.64 a 17.64+0.67 a 10.84+0.54 a
zzrl‘g:n 250 1£0.33 a 2+0.33 a 27.80+3.24 ¢ 14.37+0.28 b 8.37+0.42 b
500 1£0.33 a 2+0.33 a 39.99+0.79 b 18.60+0.74 a 10.06£0.13 a
750 1£0.33 a 1£0.33 a 27.58+0.39 ¢ 15.54+0.56 a 10.13+0.25 a
NHIBF TS5 RIEA—E . 750 mg- L' Ab PR 5 35 FEAIK (Rt Sk 28 B A & AL TR TE) G 2 3 AR Ak, R IR
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B SR F A S BN . AU ANF
IR FE R PARR E5 A0 BN 32 R K o & SRR S
EMSEN . Forb, ZR e A AR A AEGN e
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00 1) 48 T B AR I A o 2RI SR I, 5 it
100~500 mg - L™ i JR B85 m] DA I 35 4% 1] S92 SR 347 1 HE
K V1843 BRI HERE L 300~500 mg - L AL FE K S Ry
AR . SR AT T A R B B W it IO &
SO A K s, 3R B AE AR o LB 250 mg -
LA ERES N B o AHEFE I, TR PA RS A i 2 1)
S RO R R RS 2, XS
NHIRFFE S8 BRI A —B AN AR PR 5 Tk P b %o
SERB G E A BRSO, BAAEEEN
A AR FE R S MR o ZR 0T TR PR R e
N2 TN AR JE (250 mg - L) AbBE B A 5 2 3
YRR, F A 300 B CK 12 157 46.15% , K M BE 2 v
9.56% ; Ifij 1 ¥k B (750 mg - L) Ab 5 800 b K
AT U R o X R BRI B T PR R A v aE i
PEBEAE B 2 4b 77 2 B R R R 4% 78 51, AT AR AL B
A G5 KA 5 T e A< FEE Ak B U] AT k41 ) 4 e K
T PR A O, JE A AR K . I A I AR
A PRI TR 8 552 55 5 250 mig - L A B AT #2430 4R 32 Y ] 4E
i1, {H=500 mg - L' kb2 v] B AP FE A K F s BT 2
) JE A REL 2 /E 750 mg - L AL HE IS 452 CK 411 6.56%
TE A 3 SRR SR T WA 55 5% 5 2 9 07 3 0 1
AR A5 B N BURE, TR T (750 mg - L) Ab B ™ 5 411
HlAEK.
3.3 ANEIKEEIFERSEXT R 4 FhEi i M TE2F &
IR0

TR 2 e — MR RS R AR, 2
ZRR R Hod, B IR e 165 0 I O
RIZ 2RI A T JE R B, R PR R 45 A CPPU 3
[F5) 4k B o] DA 03 o g R e R R W T 1R
RS, R S e ke i . AT IUR I,
VAP TR T R 5 I AR SR IR X S
ATANRIRF T g A —8. Hb, B AR
1£250 mg - L i PR FREY Ab 3 R 12 35 38 1 12.50% , 1T
R BEE (750 mg - LD WIANHITEZF TR . BAH w11
—AEAE M 2 BUEAE 250 mg - L RIA RS A0 HE R T
171 53.33%, 750 mg - L' &b R A B 18 2 $ &
5, () I KA BT 25 [ o 4 2 22 28.77% , 1X R B
ARG T R 38 e JE A R A 23 IR AR AL AL 2F o0 A
T S5 UL A 225 46 0 R 5 R T s A B2 T R A B B K
b, 750 mg - LR S CK ER & Z R .. W2 R
A S AL B R T R 2 S H A BRAE 2 ]

) P oY AN =P NN AN A Y =R
750 mg - L' 4b 3 55 CK 2 3 ek /)y 33.18% , 1X 1] BE A2
DAL Sy 18 A T 605 T 12% it Folt 14) 8 4% B SO T AR AR AE 2
A3, T ARTE SF EE N . eI 3 & 46 3
# B 7E 500 mg - L Ab 3 R L CK & 3 38 1 39.13%
{H 750 mg- L AL B A A B B, 38 3 4 7
KA AESFAIRE o FH T[] 362 SR ot ook ) 2 IR 45 1)
Wi J97 22 5, 70 S AR PRk B b, R e W IA H A
Jiti FH 250 mg - L AR BR AT , LA Ak A8 80 R s B[ 22
o g 37 B 4 ELME ) 500 mg - L PRI ERES , LTk AE
AT AL -
34 FHEBEEMNEREREKSEEEKFEEHN
E

VA IR 3 RS v R SR R R E AR K SR
B AR IR P AT, R I 3 S PR R BT
ARIT « FERAZE R I, YRR AT Kb 3L RE A2 N DL 16
My bR ARG R R AR T A B AR AR B AT
g A K AR EAE KN . FEEYE W
5 U Vi R A RS i R I R PR R A Ak P N S R
TR AR RIS A s A R [ R
X T TAA R GALKF 328 1 ZRKF, A Rl
W TG, AR TR B . AR TR, FEE
fr) I T AR 7E 750 mg - L' AL BE R 8 CK & 25 9/
38.55%, M & S ERFFfRE , A EKZRHEE
], 2% B WS it 8 B IR T A R AR AR HE A, I8 3
FE G IR R ROR , FEb X N TASBY B, HIEHL
PR AT RS, o SRIRR AT TR I, AN 22 2R IR IR
AN IS 55 R R AR T BRI A S R R AR A G
(19 22 A AR A A B S PR, 3 4k 38 R A G, 5
DU AR . AT R I, 250 mg - L' Ab 3 B 1 3
T2 e (0 AR i SO B, %58 CK 23 ) 19 0 46.15%
9.56% , i VR B Atb B S0 b K FE AN B0 2 D
TP A R R T I R T R A, T R A B
2o B, D R AR AL B R AR B SR b R S
P o AR AR SR PR I OB, R PR R A i
PR 43 e A0 R B AU, 3 B R e . TR
SRS I it FH R P R R e R i AL 2 b e
WIS AL R R . AWFFUR I, 250 mg- L' ALFE R 2=
Jfis AL 2F B 3 CK R N T 12.50% 5500 mg - L
AE PR YN B S TR SE R R A N T 39.13%,
BB A BRI R 4650 . DA - 3R B B ER A T
A AN AL, 98008 T AR R E =) )
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