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Identification of plum PsNAC gene family and its expression patterns in

development of fruit hollowness and browning
DENG Honghong, PENG Chao’, LIANG Xi, ZHANG Ziyang, LIU Junwei, LI Bingi, WEI Mingkang,

WANG Xueying, LI Liumin, CHEN Faxing’
(College of Horticulture, Fujian Agriculture and Forestry University, Fuzhou 350002, Fujian, China)

Abstract: [Objective] The NAC transcription factor family is one of the plant-specific transcription
factor families and plays a pivotal role in plant growth and development and responses to biotic and abi-
otic stresses. Huangguan plum is a newly developed high-quality plum variety bred by our team specifi-
cally suited for cultivation in Fujian Province, China. Its fruit has the advantages of excellent taste,
pleasant flavor, and rich nutrient profile. However, in our previous long-term observations, Huangguan
plum has been found to be prone to fruit hollowness and browning (HB), characterized by rough and
crystalline fruit pulp surfaces undergoing lignification and browning. We found that lignin biosynthesis
and accumulation is one of the predominant biochemical responses to HB. The NAC transcription fac-
tor is recognized as the primary regulator in the transcriptional control of plant secondary wall synthe-
sis. This study aims to characterize the PsNAC gene family members in plum and investigate their asso-
ciation with fruit HB in Huangguan plum. [Methods] The molecular weight, theoretical isoelectric
point, and other physicochemical properties were predicted by the online tool ExPASy. The subcellular
localization of PsNACs was predicted by the online software WoLF PSORT. The MEGA 11 software
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was used to construct a phylogenetic tree. The online tool Simple MEME Wrapper was used to analyze
the motifs. The conserved motifs and gene structure maps were drawn by Tbtools. To analyze the cis-
acting elements in the promoter region of PsNACs, the upstream 2000 bp promoter sequences were ex-
tracted from the genomic sequences and submitted to the Plant TBDB website for the identification of
cis-elements in the promoter region. The analysis results were organized and displayed using Simple Bi-
oSequence Viewer. The expression of ten PsNACs in Huangguan fruit with and without HB was ana-
lyzed by quantitative real-time polymerase chain reaction (QRT-PCR). [Results] There are 115 PsNAC
members identified in Prunus salicina Lindl., with protein sequences ranging from 182 to 861 amino ac-
ids, molecular weights from 20.98 to 95.97 ku, theoretical isoelectric points from 4.43 to 9.55, and the
instability index from 27.84 (PsNAC60) to 61.36 (PsNAC0S87). The grand average of hydropathy values
of PsNAC gene family members were negative, indicating that these proteins are hydrophilic in nature.
Transmembrane structure analysis revealed that 94% of PsNAC gene family members do not possess a
transmembrane domain. The subcellular localization prediction results showed that 91 PsNAC gene fam-
ily members were located in the nucleus, and the rest were distributed in structures such as the cyto-
plasm, Golgi apparatus, peroxisome, cytoskeleton, mitochondria, chloroplasts, plasma membrane, and
vacuole. Chromosomal localization analysis revealed uneven distribution across the plum’s eight chro-
mosomes, with chromosomes 2 and 3 harboring the highest number counts (17.4%), followed by chro-
mosome 5 (15.2%), and the fewest on chromosomes 6 and 7 (10 PsNACs each). Phylogenetic tree analy-
sis between Arabidopsis thaliana and P. salicina Lindl. classified PsNAC genes into 17 subfamilies,
with 6 and 10 members clustered in OsNAC003, and OsNAC7, respectively, which are associated with
plant secondary wall biosynthesis. The number of coding sequence segments in PsNACs ranged from 1
to 8, with most containing 3 to 6 segments. Analysis of gene annotation files identified a total of 10 con-
served motifs among PsNACs, with varying positions and frequencies. Motif 1, motif 2, motif 3, and
motif 6 were found in the majority of PsNACs, typically located towards the N-terminus of the sequenc-
es. PsNAC members within the same subfamily exhibited similar motif distributions and gene structure
characteristics including the CDS and UTR regions, suggesting potential functional similarity. Analysis
of the 2000 bp upstream sequences from the transcription start site of PsNACs identified a total of 3069
cis-elements. The most significant core elements included phytohormone-responsive elements, MYB
binding sites, low temperature responsiveness, drought-inducible elements, and light- responsive ele-
ments. Intraspecific synteny analysis revealed that the PsNAC gene family contained 13 pairs of dupli-
cated genes within the plum genome. The relative expression levels of PsNAC26, PsNAC57, PsNAC77,
and PsNAC95 were highest at the fruit expansion period and gradually decreased as fruit development
progressed. Conversely, PsNAC54 and PsNAC74 exhibited their lowest expression levels at the fruit ex-
pansion period, and increased gradually with fruit development and ripening. The expression levels of
PsNAC26, PsNAC57, PsNAC77, PsNAC95, PsNAC54, and PsNAC74 were higher in Huangguan fruit
showing hollowness and browning compared to those without. [Conclusion] This study represents the
first comprehensive analysis of the PsNAC gene family in plum, identifying and characterizing 115
members of the PsNAC gene family. We explored their physical and chemical properties, gene struc-
tures, chromosome locations, phylogenetic relationships, and subcellular localization characteristics.
Furthermore, using qRT-PCR technology, we investigated the gene expression patterns of PsNAC gene
family members in Huangguan fruit exhibiting HB and non-HB across various developmental stages.
The findings of this study will serve as a crucial foundation for further exploration into the biological

functions of PsNAC gene family and the molecular mechanism by which PsNAC gene family members
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regulate fruit HB in Huangguan plum.

Key words: Huangguan plum; NAC transcription factor; Gene family; Fruit hollowness and browning;
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Table 1 Primers for expression analysis of plum PsNAC gene family

IS (5-3Y

NS (523D

Gene Forward primer (5'-3") Reverse primer (5'-3")

PsNAC95 AGAAGCCCCAGGAAAGTTGA TAGAAATCAGGCCACGACGT
PsNAC77 CATCAACAACAGAGCTCGCA ACATTGAGACGCACGACCT
PsNAC74 AGATGAAGAGCTGGTGGACT ATCCCATGGCTCGAACTTGA
PsNAC57 AAATGCTGCTCGATCGTCTG GCCCGGCCATTCTGATAAAA
PsNAC54 AGCGAAGGAAGGTTCACACT ACCCTTAACTGCTCCACCAA
PsNAC22 TTCCACCACTCATCACCAGA GTATTTTCTTGCCGGCGTCT
PsNAC23 GACGTTGTGATTTGTCGGCT ATTCATAATCTGCGGCCCCA
PsNAC26 GCCCCAATCTCCCAACTTTT GCTGTGTCTGTTGTGCTTTG
PsNACI107 GGGGCATATGTTGAAGCGTT AGTTGCTCGTCTCCCCATAA
PsNAC51 TCATCCTTCGTATCGGCTAA TCACCACCGTTGATCAAGGA
PsActin CTGGACCTTGCTGGTCGT ATTTCCCGCTCAGCAGTG
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Table 2 Physicochemical properties of PsNAC transcription factor family

HIERECE  MX TR AREERE RAKIRH

L(Ei%eg?}D%l i%jﬁe NuTnber (.)f Molecular ﬁliiﬁcal pl ‘Instability Hydrophobicity iﬁiﬁjiﬁf Ecalization
amino acids  mass/ku index score (GRAVY)
PsSY0028742  PsNACI 321 37017.25 6.09 42.10 -0.824 IS A G A Peroxisome
PsSY0026484  PsNAC2 330 37567.05 5.13 34.35 -0.646 4344 Chloroplast
PsSY0007631  PsNAC3 372 43 076.79 4.65 47.59 -0.787 A% Nucleus
PsSY0017418  PsNAC4 252 29 578.21 6.70 46.91 -0.840 il il #% Nucleus
PsSY0022568  PsNACS 237 27 449.07 9.44 37.24 -0.765 24744 Mitochondria
PsSY0014229  PsNAC6 348 39717.71 8.18 37.25 -0.672 41 #% Nucleus
PsSY0021220  PsNAC7 445 50 530.61 4.43 40.83 -0.780 i % Nucleus
PsSY0023045  PsNACS 457 52034.23 4.49 42.99 -0.833 41 1% Nucleus
PsSY0024302  PsNACY 298 3431534 5.16 39.51 -0.766 I+ 4¢ 44 Chloroplast
PsSY0025630  PsNACI0 357 41217.73 473 46.78 -0.845 i % Nucleus
PsSY0008631  PsNACII 284 32 817.57 5.14 37.45 -0.812 i % Nucleus
PsSY0017528  PsNACI2 373 43 174.54 4.6 40.61 -0.886 4 1% Nucleus
PsSY0022852  PsNACI3 255 29 162.70 5.67 49.28 -0.749 4 % Nucleus
PsSY0010290  PsNACI4 389 4357252 5.84 45.11 -0.630 R Vacuole
PsSY0004695  PsNACI5 355 40 346.24 7.95 41.33 -0.745 4 1% Nucleus
PsSY0006766 ~ PsNACI6 461 52127.43 6.47 49.76 -0.818 4% Nucleus
PsSY0017158  PsNACI7 425 47 098.06 457 41.88 -0.622 4l A% Nucleus
PsSY0011487  PsNACIS 207 23 690.33 5.15 49.39 -0.698 4l A% Nucleus
PsSY0013949  PsNACI9 295 33 898.11 8.09 61.09 -0.861 4l A% Nucleus
PsSY0013465  PsNAC20 345 38258.01 8.95 32.66 -0.711 YH A 42 Cytoskeleton
PsSY0012107 ~ PsNAC21 280 31554.47 8.06 51.20 -0.514 4 L% Nucleus
PsSY0013234  PsNAC22 383 42 472.49 6.47 55.10 -0.644 4% Nucleus
PsSY0025091  PsNAC23 442 50215.67 4.87 44.72 -0.931 YA Cytoplasm
PsSY0006726 ~ PsNAC24 264 30280.41 531 46.24 -0.381 4 L5 Cytoplasm
PsSY0014952  PsNAC25 225 25 749.80 4.68 44.23 -0.600 JHARE 4 Cytoskeleton
PsSY0024912  PsNAC26 288 33177.55 7.01 37.02 -0.692 A% Nucleus
PsSY0020064  PsNAC27 485 53 902.07 7.93 4731 -0.655 AT Cytoplasm
PsSY0026548  PsNAC28 256 29 159.05 9.12 46.89 -0.707 41 #% Nucleus
PsSY0017862  PsNAC29 258 29 352.30 9.12 47.87 -0.695 412 #% Nucleus
PsSY0018284  PsNAC30 353 40 095.44 4.64 42.89 -0.754 41 k% Nucleus
PsSY0027731  PsNAC31 352 40 146.64 478 44.21 -0.774 41 % Nucleus
PsSY0005034  PsNAC32 353 40 172.71 4.70 44.59 -0.746 i % Nucleus
PsSY0000769  PsNAC33 307 34785.63 4.84 4381 -0.783 I+ 4¢ 44 Chloroplast
PsSY0003225  PsNAC34 321 36 628.23 6.01 40.03 -0.998 4 1% Nucleus
PsSY0026419  PsNAC35 367 42 570.98 4.74 45.91 -0.956 4 % Nucleus
PsSY0022165  PsNAC36 478 53 627.83 4.87 50.74 -0.746 4 Ml #% Nucleus
PsSY0024469  PsNAC37 292 33 651.07 6.19 45.55 -0.749 4 1% Nucleus
PsSY0006447 ~ PsNAC38 381 42 431.65 4.70 47.57 -0.714 41 #% Nucleus
PsSY0015074  PsNAC39 360 40 047.17 4.89 4829 -0.674 4 i #% Nucleus
PsSY0001009  PsNAC40 363 41232.57 472 40.82 -0.817 4l A% Nucleus
PsSY0017649  PsNAC41 374 41 847.26 4.62 46.26 -0.610 4l A% Nucleus
PsSY0001124  PsNAC42 362 4031829 8.34 43.63 -0.746 4l A% Nucleus
PsSY0007275  PsNAC043 349 39 152.99 8.10 38.94 -0.598 4 L% Nucleus
PsSY0014760  PsNAC44 358 39 674.39 7.16 55.28 -0.622 4 il % Nucleus
PsSY0008940  PsNAC45 295 33 800.70 479 43.46 -0.715 YA Cytoplasm

PsSY0015468 PsNAC46 254 29401.98 5.43 43.36 -0.810 i L J5i Cytoplasm
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feziﬁD% ;g}e%njlee Nup‘lber (.)f Molecular jl:‘"%‘;z%)lrf\tical pl .Instability Hydrophobicity ﬂs%iﬂigﬁi]f:- %calization
amino acids  mass/ku index score (GRAVY)
PsSY0012082  PsNAC47 253 29 574.07 5.31 48.76 -0.868 42 #% Nucleus
PsSY0019957  PsNAC48 321 36 506.42 4.49 4421 -0.768 4f M1 )5 Cytoplasm
PsSY0009323  PsNAC49 324 36 467.39 8.32 55.55 -0.600 412 #% Nucleus
PsSY0016103  PsNAC50 354 40 368.58 474 40.57 -0.799 41 i i% Nucleus
PsSY0002281  PsNACS5I 375 42 546.59 6.94 36.61 -0.682 4f % Nucleus
PsSY0016233  PsNAC52 482 56 167.15 8.27 56.80 -0.492 A VB Peroxisome
PsSY0024290  PsNACS3 302 34734.30 8.82 34.40 -0.719 i1l #% Nucleus
PsSY0018074  PsNACS4 317 35812.27 8.47 50.56 -0.876 4f % Nucleus
PsSY0001699  PsNACS5 368 40 532.08 7.92 42.18 -0.714 4f 1% Nucleus
PsSY0014297  PsNACS6 237 27 190.66 9.55 53.04 -0.832 4 il #% Nucleus
PsSY0021550  PsNACS7 389 42 781.55 5.24 40.04 -0.597 217 f& Mitochondria
PsSY0019581  PsNACSS 394 43 936.15 6.54 42.55 -0.654 1% Nucleus
PsSY0013638  PsNACS9 352 40 169.07 6.56 49.74 -0.717 4l % Nucleus
PsSY0001933  PsNAC60 305 35315.07 8.54 27.64 -0.801 4l % Nucleus
PsSY0002320  PsNAC61 374 41 854.15 4.56 36.39 -0.638 i #% Nucleus
PsSY0017909  PsNAC62 681 77 211.69 5.51 37.09 -0.537 Ji i Plasma membrane
PsSY0006858 ~ PsNAC63 403 46 055.38 6.47 51.13 -0.736 #H 1 #% Nucleus
PsSY0018753  PsNAC64 242 27611.42 8.75 48.58 -0.558 41 Hf B 42 Cytoskeleton
PsSY0005654  PsNAC65 322 35 696.89 5.05 51.35 -0.634 i il #% Nucleus
PsSY0006576 ~ PsNAC66 449 50 804.13 4.66 55.90 -0.776 #H 1 #% Nucleus
PsSY0007670 ~ PsNAC67 505 56 058.04 4.91 60.18 -0.754 1 4% Nucleus
PsSY0022170  PsNAC6S 456 51255.43 4.44 55.28 -0.717 #H 2 #% Nucleus
PsSY0025975  PsNAC69 467 52 846.77 4.70 57.29 -0.754 41 #% Nucleus
PsSY0020086 ~ PsNAC70 453 51139.41 5.47 55.29 -0.777 A% Nucleus
PsSY0023204  PsNAC71 451 52028.34 4.80 55.23 -0.896 M2 % Nucleus
PsSY0024339  PsNAC72 380 44 037.27 4.70 58.91 -0.941 41 i F% Nucleus
PsSY0027895  PsNAC73 504 58 318.07 6.08 50.45 -0.827 4344 Chloroplast
PsSY0012520  PsNAC74 191 22513.61 7.81 38.80 -0.583 4B 42 Cytoskeleton
PsSY0022316 ~ PsNAC75 448 52203.43 6.91 43.60 -0.852 15 /R 344 Golgi apparatus
PsSY0026601  PsNAC76 437 49 531.24 5.82 40.10 -0.720 4f 1% Nucleus
PsSY0012725  PsNAC77 213 25252.89 6.55 56.24 -0.730 4 B 42 Cytoskeleton
PsSY0004600  PsNAC78 185 22 033.89 5.35 58.82 -0.875 4 M B 42 Cytoskeleton
PsSY0003387  PsNAC79 184 22018.89 8.41 44.04 -0.895 1% Nucleus
PsSY0028882  PsNACS0 539 60 419.46 5.03 41.11 ~0.545 IH-£3:4% Chloroplast
PsSY0021976 ~ PsNACSI 284 32847.21 5.64 4251 -0.674 H-43:4% Chloroplast
PsSY0021124  PsNACS2 290 33751.64 7.72 46.84 -0.668 1% Nucleus
PsSY0024583  PsNACS3 284 32704.57 5.67 53.47 -0.811 i i #% Nucleus
PsSY0000423  PsNACS4 271 30 898.07 8.66 39.66 -0.555 #H 1 #% Nucleus
PsSY0016599  PsNACS5 577 65 388.75 4.90 48.17 -0.594 4 % Nucleus
PsSY0010260  PsNACS6 306 35495.61 6.17 56.37 -0.806 £ 1 #% Nucleus
PsSY0010208  PsNACS7 422 47309.30 5.87 44.12 -0.448 247 {A& Mitochondria
PsSY0010297  PsNACSS 397 44 406.02 5.43 35.03 -0.479 4344 Chloroplast
PsSY0027682  PsNACS9 428 47751.40 4.53 35.92 -0.411 40 i #% Nucleus
PsSY0002886  PsNAC90 378 42 887.64 771 37.86 -0.948 1 #% Nucleus
PsSY0015905 ~ PsNAC91 438 49 498.64 6.38 35.80 -0.639 1% Nucleus
PsSY0021606 ~ PsNAC92 344 39 180.21 5.34 38.01 -0.820 412 #% Nucleus

PsSY0010930  PsNAC93 362 42 246.97 6.39 61.36 -0.932 41 i #% Nucleus
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SRR = 0 = Ly o By =P s
SRS S A TR AR E MNP THRE st AREIREL  SEKIBHL N T A o
Gene ID Gene name Number of - Molecular Theoretical pl Instability Hydrophobicity Subcellar localization
amino acids  mass/ku index score (GRAVY)
PsSY0013892  PsNAC94 395 45 510.50 5.94 54.35 -0.880 M % Nucleus
PsSY0023673  PsNAC95 861 95 967.63 5.02 49.05 -0.839 21 f24% Nucleus
PsSY0003939  PsNAC96 233 26331.53 8.33 57.01 -0.664 2 2% Nucleus
PsSY0024811 PsNAC97 363 40 626.78 6.63 41.98 -0.585 2 2% Nucleus
PsSY0002811  PsNAC98 182 20 980.52 6.80 46.42 -0.696 415 Cytoplasm
PsSY0027226 ~ PsNAC99 353 39619.25 6.96 47.97 -0.692 4 HIA% Nucleus
PsSY0021398  PsNACI00 261 29 885.22 5.07 48.98 -0.827 2 A% Nucleus
PsSY0026579  PsNACI01 457 50 894.25 6.03 35.99 -0.786 20 iR Nucleus
PsSY0019871  PsNACI02 383 42 830.21 7.75 4428 -0.587 2 R #% Nucleus
PsSY0003865  PsNACI03 459 51 077.45 6.03 32.58 -0.777 21 A% Nucleus
PsSY0002691 PsNAC104 383 42 796.20 7.75 43.96 -0.584 21 Hut% Nucleus
PsSY0010897  PsNACI05 418 47376.36 4.80 38.19 -0.508 /R IEAR Golgi apparatus
PsSY0010774  PsNACI06 485 54 152.06 4.79 55.42 -0.745 21 A% Nucleus
PsSY0001641  PsNACI07 590 66 114.13 453 28.26 -0.573 43¢ 44 Chloropast
PsSY0027282  PsNACI08 632 68 967.68 5.71 32.72 -0.789 4l #fd }% Nucleus
PsSY0009363 ~ PsNACI09 425 47 698.99 492 53.79 -0.716 41 i #% Nucleus
PsSY0021588  PsNACII0 316 36 132.78 5.92 47.47 -0.933 41 i % Nucleus
PsSY0018873  PsNACIll 423 48 680.55 6.01 40.90 -1.009 2N 4% Nucleus
PsSY0006710  PsNACII2 376 43 058.75 6.75 42.69 -0.087 J5i J# Plasma membrane
PsSY0006233  PsNACII13 285 32 107.54 6.51 59.94 -0.856 M 4% Nucleus
PsSY0026633  PsNACII4 335 38 645.14 5.00 57.01 -0.782 M 4% Nucleus
PsSY0012482  PsNACII5 486 54 722.66 6.63 53.27 -0.979 M % Nucleus
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Fig. 1 The location distribution of PsNAC gene family members across the chromosomes of Prunus salicina Lindl.
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