Highlights
1. Pre‑harvest application of OPPT, an eco‑friendly plant‑protective formulation consisting of stress‑resistant nano‑ecological film, carvacrol and chitosan, markedly reduces apple bitter‑pit (ABP) incidence from 70.99 % to 14.84 % while preserving fruit quality, representing a promising green alternative to conventional bitter‑pit management strategies.
[bookmark: _GoBack]2. Integrated multi‑omics and cytophysiological analyses uncover a synergistic protective mechanism: OPPT repairs cellular ultrastructure, restores calcium homeostasis, mitigates oxidative damage, and reprograms fruit molecular profiles with flavonoid biosynthesis as the central regulatory pathway to enhance fruit stress tolerance against ABP.
3. This eco‑friendly pre‑harvest strategy cuts dependence on synthetic agrochemicals, supports sustainable horticultural crop production, and delivers molecular targets and practical insights for improving plant stress tolerance and managing physiological disorders in fruit crops.

