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Fig.l1 Horizontal (left) and longitudinal (right) grayscale images
of blueberries
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Fig.2 Horizontal and longitudinal average gray value of blueberries
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Note: The red area in the pseudo-color image indicates a strong signal (that is, a
large number of hydrogen protons), and the blue area indicates a weak signal
(that is, a small number of hydrogen protons)?®”). The distribution changes in the
bright and dark areas indicate the distribution and migration changes of moisture
in the blueberries.
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Fig.3 Pseudo-color image of blueberries at different temperatures
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a. T, inversion spectrum of blueberries stored at 0 °C
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c. T, inversion spectrum of blueberries stored at 23 °C
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Fig.4 T, inversion (relaxation) spectrum of blueberries stored at different temperatures for 12 days
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Table 1 Statistical table of peak area A, per unit mass of blueberries
R T e § A EEK B A K B WK B BRI E B
Temperature L%ﬁﬁ" 2] Content of cell wall water Content of cytoplasmic water Content of vacuole water Content of total moisture
C Storage time/ d Aoy A Ans A
0 373.783+39.925a 408.479+136.492a 11 825.419+235.614a 12 607.681+269.595a
3 356.277+22.596a 458.899+65.147a 10410.188+251.882b 11 225.3654+274.151b
0 6 341.087+26.175a 466.381+19.425a 10 113.355+191.904b 10 920.823+180.255b
9 366.915+24.636a 478.780+35.085a 9 408.530+216.116bc 10 252.226+98.499bc
12 374.726+85.941a 477.532+165.226a 8 770.400£152.906¢ 9 622.658+132.374c¢
0 373.7834£39.925a 408.479+136.492a 11 825.419+£235.614a 12 607.681£269.595a
3 412.838+119.332a 422.899+204.926a 10 186.548+238.654b 11 022.286+312.602b
8 6 346.010+188.865a 424.059+221.036a 8 854.453+256.812¢ 9 616.4224+305.614c¢
9 328.954+97.795a 429.954+15.575a 8 143.652+89.257¢ 8910.660+283.158cd
12 353.487+54.316a 432.312+50.442a 7 486.269+169.705d 8272.067+182.683d
0 373.783+39.925¢ 408.479+136.492¢ 11 825.419+235.614a 12 607.681+269.595a
3 362.086+157.749¢ 405.604+83.851¢c 9957.281+£252.614b 10 634.9714+261.548b
23 6 323.487+292.683¢c 402.312+84.312¢ 7 426.269+243.224¢ 8 162.067+190.672¢
9 452.378+123.827b 1 548.623+237.416b 7 503.366+409.376¢ 9 504.367+452.788b
12 739.171£77.104a 6267.191£270.645a 969.409+93.162d 7 975.771+456.091¢

e F IR AR R EEARE AN RN T RRORTE 0.05 K R ZERER S, TFE.

Note: The same index at the same temperature marked with different lowercase letters indicates that the significant at 0.05 level, the same below.
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2.2.3 MERGREAT BT E T e Rr
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Table 2  Statistical table of relaxation time 7, for blueberries

W s ] A B K QEH@DEK K EJJ(//'}
Temp?rature Storage time/ d Cell wall water Cytoplasmic water Vacuole water Total moisture
/C T>1/ms Tr/ms Tr3/ms T»/ms
0 9.505+1.559a 68.266+16.659b 799.071+127.608¢ 876.843+141.640b
3 9.15246.152a 70.738+17.452b 804.785+90.918b 884.674+84.300ab
0 6 9.341£5.229a 74.134+16.691ab 806.981£109.452ab 890.457+116.012a
9 8.911£2.999a 78.115+10.488a 811.559+£110.687ab 898.584+111.647a
12 9.36442.437a 83.002+23.456a 827.528+133.530a 919.893+147.577a
0 9.505+1.559a 68.266+16.659ab 799.071+127.608¢ 876.843+141.640b
3 9.796+3.427a 53.771£17.114b 813.305+69.888bc 876.871+86.915b
8 6 11.037+6.145a 73.5124+19.763ab 816.006:145.659bc 900.555+156.573a
9 9.53443.499a 67.9754+20.729ab 826.787+117.937ab 904.296+135.010a
12 9.550+2.395a 75.220+24.030a 838.057+93.333a 912.828+114.054a
0 9.505+1.559b 68.266+16.659d 799.071+127.608b 876.843+£141.640¢
3 12.980+2.617a 78.460+9.353¢ 812.895+52.407ab 902.335+55.683b
23 6 11.048+4.540a 85.868+17.815¢ 832.830+92.820a 928.746+108.857ab
9 10.253+1.929ab 98.723+27.406b 835.877+190.972a 942.853+£198.218a
12 8.389+2.854b 686.505+12.194a 254.446+96.918¢ 949.340+102.441a

2.2.4 HEHBHNIH 3 AMESKLA

MK 5 WTRLES, BREIEA R, SHE
KN Ays>A0>451, H Ay HHEET 80%. 45T 12d
I, 0 CAEH 3 FiAH& Ko & HEHA
Ary>Ar>Asy, HIBEEK 5 BARLLBIM 3.21%22 18 P& (K 5
2.85% (6d) , Mja&zM2fms]3.24% (12d) , 4R
K EE AN 5.04%I8 N3 6.45%, WIEK LM 91.75%F%
K% 90.30%; 8 CALFRLL 3 FiAHES K WMA LA

Ay5>An>Ay PHHLEE K 5 B AR ELATI N 3.21% %] 4.02%,
I P K o BN 5.04% 38 N 6.85%, WK 5 EL A
91.75% N I£%) 89.12%; 23 “CALFIZH 3 P K> fe &
FoN Ax>Ay>Ay,, AHBEEEZK B AR ELEI A 3.21%384 3
5.07%, YA F /K 5 LS N 5.04%22 148 i F] 5.87%(6 d),
B 5 P F] 25.96% (9d) « 69.52% (12d) , Wi
KA LS AN 91.75%2% 12 PR 2] 90.54% (6 d) , Fifi f5 PRk
FEAKH] 69.78% (9d) « 25.41% (12d) .

iR 5 Storage temperature/°C
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a. Changes of cell wall water peak ratio of
blueberries at different temperatures

e AFETEERREMFEIN [ R Z2 R R (P<0.05) .

Note: The different letters indicate significant difference at the same time (P<0.05).
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Analysis of the moisture content and migration changes of blueberries
during storage by low-field nuclear magnetic resonance

Chen Yi, Gu Ying, Song Ping, Yang Lei, Du Mingbo, Jiang Fengli*
(School of Information and Electrical Engineering, Shenyang Agricultural University, Shenyang 110866, China)

Abstract: Water content can directly dominate the edible quality of blueberries during the storage process. This study aims to
explore the changes in water content and migration in the internal blueberry with the storage time at different temperatures.
The Low-Field Nuclear Magnetic Resonance (LF-NMR) and imaging technology were used to collect the relaxation spectrum
and proton density image of blueberries stored at 0°C, 8°C, and 23°C for 0, 3, 6, 9, and 12 days. Then, the changes and
migration of water content in the blueberries were analyzed under different storage conditions. The experimental results
showed that the relaxation time and the peak area of the relaxation spectrum were used to effectively estimate the moisture
content and migration changes of blueberries during storage. Among them, the temperature was sensitive to the moisture
content. Both the vacuolar water content (4,3) and the total water content (4,) showed an overall downward trend, as the
storage time increased. The relaxation time was shifted to the right with the increase of storage time during the storage of
blueberries at 0°C and 8°C for 12 days. Specifically, there was no significant change in the water content of the cell wall (4,,),
whereas, a slightly increasing trend was observed in the cytoplasmic water content (4,;). Once the blueberries were stored at
23 °C for 9 days, the cell wall and cytoplasmic water increased rapidly. Especially, the vacuolar water decreased sharply after
being stored for 12 days, and then transformed into cytoplasmic and cell wall water. There was a slower migration of internal
water in the low-temperature storage, where the loss was less, compared with the storage at 23 °C. In addition to the moisture,
an analysis was made on the variations in the gray value, pseudo-color value, shape, and water loss rate of blueberries during
storage. It was found that the blueberries at low temperature were stored for at least 12 days, and the shelf life of blueberries
was about one week at room temperature. The gray value of blueberries decreased slowly at 0 °C and 8 °C until 12 d. The
decline loss values were all within 17.00% of the gray value at 0 d, and then dropped the cliff-like curve on the 6th day at 23
°C. There was the relatively intact shape of blueberries stored at 0 °C and 8 °C for 12 days, indicating the relatively uniform
water distribution. However, the blueberries rotted after 9 days of storage at 23 °C, resulting in the deformation of shape and
irregular distribution of water. The water loss rates of blueberries stored at different temperatures for 12 days were 23.68%
(0°C), 34.39% (8°C), and 36.74% (23°C), respectively. Among them, the water loss rates at 0 °C and 8 °C were continued to
rise during this period, whereas, there was a decrease at 23 °C on the 9th day, due to the rotted already. Consequently, the
‘Ruika’ blueberries can be stored for more than 12 days at low temperatures, but only about one week at room temperature.
The findings can provide theoretical support and data reference for the storage and preservation of blueberries at different
temperatures.

Keywords: temperature; storage; moisture; blueberry; low-field nuclear magnetic resonance



