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Rapid identification of columnar apples based on chlorophyll a/b ratio
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Abstract: [Objective] Columnar apple is a spontaneous bud mutant characterized by compact growth,
shortened internodes, and easy formation of spurs. This unique architecture, coupled with high photo-
synthetic efficiency, would eliminate the need for extensive training and pruning. Consequently, the co-
lumnar phenotype would be well-suited for standardized, mechanized orchard management systems.
Therefore, the columnar apple would be a highly valuable germplasm resource for breeding new apple
varieties for simplified cultivation. The columnar growth habit is a qualitative trait governed by a single
dominant gene, designated Co. Although molecular markers developed through the identification and
characterization of this Co gene are available to facilitate the precise genetic identification of columnar
apples, these techniques have considerable practical limitations. A previouse method including tissue
sectioning and staininghas been developed in our laboratory, provided an alternative identification strat-
egy for columnar apples. The present study was tried to develop another optional method for easy selec-
tion of columnar apples from hybrid population. [Methods] This investigation employed an Imaging-
PAM (Pulse Amplitude Modulated) chlorophyll fluorescence imaging system for the non-destructive as-
sessment of photosynthetic parameters. A standardized leaf sampling protocol was instituted: commenc-
ing from the apex of a normally growing shoot, the first leaf exceeding 0.5 cm in length was designated
as position one, and the eighth leaf from this point was systematically selected for all subsequent analy-

ses. Leaf samples, collected from both confirmed columnar and non-columnar apple genotypes, were
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subjected to a dark adaptation period of 30 minutes to fully relax photosynthetic reaction centers. Fol-
lowing this adaptation, a comprehensive chlorophyll fluorescence analysis was conducted. Key parame-
ters included the minimal fluorescence level (F) and the maximum fluorescence yield (F.,) in the dark-
adapted state were recorded. These values were utilized to compute the maximum photochemical effi-
ciency of Photosystem II (PSII), expressed as F\/F,, through the standardized formula: F\./F,=(F.-F)/
F.. In parallel, chlorophyll extraction and quantification were performed on leaf tissue obtained from
the identical, standardized nodal position. The central midrib was meticulously excised and discarded
from each sample leaf. The remaining lamina tissue was then finely fragmented, accurately weighed,
and subsequently homogenized using a mechanical grinder in the presence of 2.5 mL of 95% ethanol.
The grinding process continued after the addition of a further 10 mL of 95% ethanol until the plant ma-
terial was completely bleached. The resulting homogenate was allowed to settle for 3 minutes before be-
ing quantitatively transferred, including insoluble residues, into a 15 mL volumetric flask, which was
then brought to its final volume with 95% ethanol. For spectrophotometric analysis, a 1 mL aliquot of
the primary extract was diluted with 2 mL of 95% ethanol. This diluted solution was transferred into a
spectrophotometric cuvette with a 1 cm optical path length. Using a pure 95% ethanol solution as the
blank reference, the absorbance of the sample was measured at two specific wavelengths: 665 nm and
649 nm. The respective concentrations of chlorophyll a and chlorophyll b were calculated using estab-
lished arnon equations, from which the chlorophyll a to chlorophyll b ratio (Chla/b) was precisely deter-
mined. A comparative analysis of chlorophyll content and, more specifically, the Chla/b ratio was con-
ducted between the columnar and non-columnar apple groups. The observed differential in the Chla/b
ratio served as the foundation for proposing a new, physiology-based method for the rapid identification
of columnar apple types. To rigorously validate the reliability and accuracy of this proposed physiologi-
cal marker, an extensive trial was undertaken utilizing 62 individual plant samples sourced from a di-
verse panel of 20 distinct apple germplasms. All samples underwent the standardized chlorophyll extrac-
tion and Chla/b analytical procedure described above. The results derived from this physiological assay
were systematically compared against those obtained from a established molecular marker analysis for
the Co gene, which served as the definitive control or “gold standard” for genotypic identification,
thereby allowing for a critical assessment of the new method's diagnostic precision. [Results] The ex-
perimental results indicated that under normal growth conditions, the maximum photochemical quan-
tum yield of PS I (F./F.) was higher in the columnar apples compared with the non-columnar apples.
The maximum fluorescence (F,,) values of the non-columnar apples were generally lower than those of
the columnar apples. The minimum fluorescence (£') values showed no significant difference between
the columnar and the non-columnar apples, with columnar apples exhibiting slightly higher overall val-
ues. The overall identification accuracy of the method based on chlorophyll extraction and Chla/b analy-
sis reached 97.6%. Specifically, the identification accuracy for columnar apples was as high as 100%.
[Conclusion] In conclusion, measuring the Chla/b ratio would provide a rapid, cost-effective, and reli-
able method for early screening of columnar apple progenies, with 100% accuracy in identifying colum-
nar types.
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A. Phenotype observation of chlorophyll fluorescence in non-columnar and columnar apple leaves; B. Maximum fluorescence when PS I reaction

centers are all closed; C. Minimum fluorescence when PS Il reaction centers are all open; D. Maximum photochemical quantum yield of PSII .
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The scale bar in the figure represents 50 mm; “C” or “N” denotes “columnar” or “non-columnar” respectively; The number “n” following the cul-

tivar name indicates the nth biological replicate of that cultivar. For example: N‘Granny Smith’-1 represents the 1th replicate of the non-columnar ap-

ple cultivar Gala.
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Fig. 2 Partial non-columnar and columnar apple leaf samples and chlorophyll extraction solution
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Table 3 Statistics of chlorophyll analysis methods for identifying different apple varieties

5 pE ERES 5 rE o
Number Variety Chla/b Result Number  Variety Chla/b Result
1 NG -1 2.57 N 33 NHERE -4 2.66 N
N‘Golden Delicious’-1 N‘Fuli’-4
2 NG’ -2 2.46 N 34 N A -5 2.23 N
N‘Golden Delicious’-2 N‘Fuli’-5
3 NG’ -3 2.49 N 35 NAESE -1 2.54 N
N‘Golden Delicious’-3 N‘Fumei’-1
4 N“4e -4 2.34 N 36 N2 241 N
N‘Golden Delicious’-4 N‘Fumei’-2
5 NPT E - 2.10 N 37 N“HE’-3 2.55 N
N*Granny Smlth -1 N‘Fumei’-3
6 NPT -2 2.15 N 38 CEEHIR -1 1.90 C
N‘Granny Smith’-2 C‘Tuscan’-1
7 N FE -3 2.14 N 39 C B -2 1.77 C
N‘Granny Smith’-3 C‘Tuscan’-2
8 N’ -1 229 N 40 CE Wik’ -3 1.83 C
N‘Starkrimson -1 C‘Tuscan’-3
9 NHas -2 225 N 41 CBEHIR -4 1.57 C
N‘Starkrimson’-2 C‘Tuscan’-4
10 NHas -3 2.35 N 42 C AN -1 1.86 C
N ‘Starkrimson’-3 C‘“Wijcik McIntosh’-1
11 NHas -4 2.17 N 43 C AL’ -2 1.85 C
N ‘Starkrimson’ -4 C“Wijcik MclIntosh’-2
12 INREAW = | 2.05 N 44 C AL B’ -3 1.94 C
N‘Red Tsugaru’-1 C“Wijcik McIntosh’-3
13 N4LH’ -2 2.16 N 45 C AL -4 1.73 C
N‘Red Tsugaru’-2 C‘“Wijcik MclIntosh’-4
14 N4 H -3 N‘Red Tsugaru’-3 2.15 N 46 C* Pl -1 C* Guifei’-1 1.90 C
15 N4 H’-4 N‘Red Tsugaru’-4 1.92 C 47 C* Pt -2 C* Guifei’-2 1.85 C
16 N‘Ji5’-1 N“MclIntosh -1 2.25 N 48 C‘#id’-3 C*Guifei’-3 1.88 C
17 N*‘JH”-2 N“Mclntosh -2 2.18 N 49 C‘iht -4 C* Guifei’ -4 1.95 C
18 N*/i5’-3 N“Mclntosh’-3 2.34 N 50 C*Htle -5 C* Guifei’-5 1.78 C
19 N/’ -4 N‘Mclntosh’ -4 2.55 N 51 C43 -1 C*Fulei’-1 1.61 C
20 N‘Ji5’-5 N“Mclntosh " -5 2.29 N 52 C4@7E -2 C“Fulei’-2 1.89 C
21 N‘EM’-1 N“Orin’-1 2.58 N 53 C4@i -3 C*Fulei’-3 1.80 C
22 N‘EM’-2 N Orin’-2 2.20 N 54 C&n5%5’-1 C‘Lujia No.5 -1 1.78 C
23 N‘EM’-3 N“Orin’-3 2.41 N 55 C‘&Jn5%5 -2 C“Lujia No.5"-2 1.92 C
24 N“Hi55 -1 N‘Ruixue’-1 2.42 N 56 C‘&ns5%5 -3 C‘Lujia No.5"-3 1.82 C
25 N“Hi55 -2 N“Ruixue -2 2.17 N 57 C&n4*5’-1 C‘Lujia No.4’-1 1.59 C
26 N“F55 -3 N‘Ruixue’-3 2.18 N 58 C‘E&Mn4*5’-2 C‘Lujia No.4’-2 1.54 C
27 NKr4r & +-1 NPink Lady -1 223 N 59 C‘&Jn4'5 -3 C‘LujiaNo.4’-3 1.62 C
28 N K¢l #+-2 N‘Pink Lady’-2  2.36 N 60 C‘&Jn4'5 -4 C‘Lujia No.4"-4 1.85 C
29 N“¥rer 44" -3 N‘Pink Lady -3 233 N 61 C*#EJE-1 C*Maypole’-1 1.71 C
30 NHRNN -1 N“Fuli’-1 2.59 N 62 C*#E3E-2 C*Maypole’ -2 1.88 C
31 N4 EN -2 N“Fuli’-2 2.48 N 63 C*#E3E7-3 C*Maypole’-3 1.72 C
32 N“A&MH -3 N“Fuli’-3 2.64 N

= PR IR R AL BRI CT BN RIS AL IR “C7 BN FIRAZAE g “FE B Bl AR AL B S AURRL « it 2 B S 0 B R AN R R AR 1
A (45D s R Chla/b Jy 4 A~ Chla/b B 1 FH) i

Note: The “C” or “N” before cultivar names in the “Cultivar” column and the “C” or “N” in the “Result” column indicate whether the sample is
from a “columnar” or “non-columnar” apple plant; the numbers following cultivar names represent different biological replicates of individual trees;

the Chl a/b ratio in the table is the average of four Chl a/b measurements.
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[Jm+& % b & Chlorophyll b content
W4 3 a & B Chlorophyll a content
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*kk P<0.000 1.
A. Chlorophyll content in non-columnar and columnar apple leaves; B. Chl a/b ratio in non-columnar apple and columnar apple leaves; Signifi-
cance analysis of differences was performed using non-columnar apple trees as the control, with z-test, **** P<70.000 1.
B3 dEHRMERERMERRSENH

Fig. 3 Analysis of chlorophyll content in non-columnar and columnar apple

x4 RMERPTRERMIHBERMBNEELE RS
Table 4 Statistics on the identification results of different columnar and non-columnar apple materials

in selected hybrid lines

) G’} T ans || s i T RT3
Number 1D Result Yes/No Number ID Result Yes/No
1 5-1 2.40 N Y 32 34-2 1.72 C Y
2 5-2 2.24 N Y 33 34-3 1.76 C Y
3 5-3 2.14 N Y 34 35-1 2.55 N Y
4 6-1 2.20 N Y 35 35-2 2.25 N Y
5 6-2 2.15 N Y 36 35-3 2.52 N Y
6 6-3 2.34 N Y 37 37-1 2.35 N Y
7 9-1 2.13 N Y 38 37-2 2.20 N Y
8 9-2 2.18 N Y 39 37-3 2.41 N Y
9 9-3 2.20 N Y 40 38-1 1.88 C Y
10 16-1 2.24 N Y 41 38-2 1.86 C Y
11 16-2 2.32 N Y 42 38-3 1.86 C Y
12 16-3 2.26 N Y 43 41-1 1.74 C Y
13 17-1 2.28 N Y 44 41-2 1.76 C Y
14 17-2 2.15 N Y 45 41-3 1.81 C Y
15 17-3 2.23 N Y 46 43-1 2.53 N Y

VRIS 1 Aok E R RS 0 AVERE TS, 0 5.1, FOR IR S 109 1 AMESEESE b Chlab Jy 4 > Chlal
R 418 2 e 1 RN B LA T B M VG R B A R S b R 75— SRS 0“Y " % Chl a2 52
RH TARILS ELR SN TR

“@ »
n

Note: The number following the hybrid identification code indicates the nth biological replicate from different individual trees. For example,
“5-1” denotes the first biological replicate of superior hybrid line 5; the Chl a/b ratio in the table represents the average of four Chl a/b measure-
ments; the “C” or “N” in the molecular marker results column indicates whether the sample is from a “columnar” or “non-columnar” apple plant; in
the consistency of results column, “Y” indicates that the Chl a/b identification result is consistent with the molecular marker identification result,

while “N” indicates inconsistency.
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%4 (4) Table4 (Continued)
L 2 4R RT—H R fh 4R RT—H
Number 1D Chla/b Result Yes/No Number 1D Chlab Result Yes/No
16 20-1 1.36 C Y 47 43-2 2.23 N Y
17 20-2 1.81 C Y 48 43-3 2.37 N Y
18 20-3 1.51 C Y 49 44-1 2.53 N Y
19 23-1 2.24 N Y 50 44-2 2.23 N Y
20 23-2 2.24 N Y 51 44-3 2.37 N Y
21 23-3 2.20 N Y 52 50-1 2.02 N Y
22 26-1 1.94 C Y 53 50-2 2.03 N Y
23 26-2 1.87 C Y 54 50-3 2.05 N Y
24 26-3 1.88 C Y 55 50-4 1.97 N N
25 31-1 2.28 N Y 56 50-5 1.98 N N
26 31-2 2.36 N Y 57 51-1 1.80 C Y
27 31-3 2.19 N Y 58 51-2 1.83 C Y
28 32-1 1.86 C Y 59 51-3 1.73 C Y
29 32-2 1.94 C Y 60 58-1 1.60 C Y
30 32-3 1.85 C Y 61 58-2 1.54 C Y
31 34-1 1.78 C Y 62 58-3 1.75 C Y
M 5 6 16 17 20 23 26 31 32 34 35
N N N N N C N C N C C N
—
250bp— e—ny G TR IR GG — Y e SN t— — e—
0 VI T G T TR
M 37 38 41 43 44 48 51 58 Guifei Fulei Fuli Starkrimson
C C N N N N C C C C N N
Cee—
500 bp—— i— — — — — et
250 bp— D SEie YD GIED NN W - -

Kl M 27 2000 bp DNA marker, 5”45 807 3R i B0 H 2% A (K9 5 40905 “C7 BN SRR IZ A Mo “ A7 i “ Al A 27

In the figure, “M” represents the 2000 bp DNA marker; numbers such as “5” indicate the identification codes of the superior hybrid lines selected

for the experiment; “C” or “N” denotes whether the superior hybrid line is a “columnar” or “non-columnar” apple line.
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Fig. 4
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Identification results of molecular markers in different apple strains
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