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Effects of dynamic changes in leaf functional nitrogen on photosynthetic rate
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Abstract: Rapeseed (Brassica napus L.) is China’s leading oilseed crop, and high yield depends heavily on nitrogen (N) fertilizer
inputs; however, nitrogen use efficiency remains relatively low. Rapeseed biomass is primarily derived from photosynthesis. En-
hancing the net photosynthetic rate (P,) and photosynthetic nitrogen use efficiency (PNUE) may provide a feasible approach to
simultaneously improve yield and nitrogen use efficiency, thereby reducing N fertilizer application, increasing rapeseed produc-
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tion, and supporting sustainable development of the rapeseed industry. Here, we conducted a hydroponic experiment with differ-
ent N levels using two rapeseed germplasms that differed significantly in leaf area and P,. During leaf development, we quantified
dynamic changes in leaf N content, photosynthetic capacity, functional N fractions, and ribulose-1,5-bisphosphate carboxy-
lase/oxygenase (Rubisco) characteristics to elucidate how N allocation regulates P, and PNUE. Leaf N content declined with
growth, but P, did not decrease consistently, and P, increased with higher N supply. Photosynthetic N (V) and storage N (Nyore)
were the dominant components of leaf N, accounting for 83.12%-97.61%. During leaf expansion, N, changed little whereas
Niiore declined markedly, which helped maintain P, at lower total leaf N and improved PNUE. When leaf N content fell below
1.77 g >, both Npsn and Nore decreased linearly, leading to significant reductions in P,and PNUE. During leaf senescence, the
decline in Ny, was 6.24%—-19.07% greater than that of Ny, resulting in pronounced decreases in both P, and PNUE. Rubisco
content was significantly and positively correlated with Npg,. The germplasm Yunyou 9, which had higher P,,, showed higher N,
and Rubisco content than Fuyou 3, which had larger leaf area, with increases of 5.63%-40.37% and 0.38%—38.02%, respectively.
Both N, and Ny increased with increasing N supply, and P, increased with Ng,. Overall, during leaf development, Rubisco
helped maintain N, while Ny, declined, supporting higher P, and improved PNUE. Therefore, optimizing within-leaf N alloca-
tion by precisely regulating Rubisco content may be an effective strategy to further enhance rapeseed photosynthetic capacity and

nitrogen use efficiency.
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Fig. 1 Dynamic changes in leaf physiological traits under different nitrogen supply levels
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Nmass> Nareas Pn, and PNUE denote mass-based nitrogen content, area-based nitrogen content, net photosynthetic rate, and photosynthetic
nitrogen use efficiency, respectively. LN, MN, and HN indicate nitrogen deficiency, mild nitrogen deficiency, and nitrogen sufficiency
treatments, respectively. YY9 and FY3 indicate the rapeseed germplasms Yunyou 9 and Fuyou 3. *: P < 0.05; ***: P < 0.001; ns: no

significant difference.
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Fig. 2 Relationships of net photosynthetic rate and photosynthetic nitrogen use efficiency with area-based nitrogen content during

leaf development
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Abbreviations and treatments are the same as those given in Fig. 1. A—C: leaf expansion stage, D—F: leaf senescence stage.

1 FRRHETFHAFRNERRSROTR
Table 1

Changes in leaf functional nitrogen fractions under varying nitrogen supply levels

IINTIEP ¢ il bS] ERRAH AR S WP R A BHRR G
Days after marking (d) ~ Germplasm Treatment Npsa (g M%) Nyore (g m?) Nieesp (g M ?) Ner (g m?)
1 YY9 LN 0.48+0.03 def 0.84+0.03 h 0.03£0.001 cdef 0.05+0.007 def
MN 0.55+0.02 bede 1.73£0.02 b 0.03£0.001 cdef 0.04+0.005 ef
HN 0.61£0.03 cdef 1.74+0.03 b 0.03+0.001 abc 0.04+0.003 f
FY3 LN 0.40+0.05 ghi 1.17+£0.05 ¢ 0.02+0.002 efgh 0.07+0.028 bedef
MN 0.51+0.02 cdef 1.95+0.02 a 0.02£0.001 cdefg  0.04+0.006 f
HN 0.53£0.05 bede 1.95+£0.03 a 0.03£0.002 cdef 0.06+0.028 acdef
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#x1)
Frid e REK T b3 HERE & AR S & MR R O AR
Days after marking (d)  Germplasm Treatment Ny (8 m’z) Nitore (g m’z) Niesp (8 m’z) Ny (g m’z)
4 YY9 LN 0.37£0.03 hij 0.57+0.04 ij 0.02+0.002 gh 0.07£0.014 bedef
MN 0.57+0.02 be 0.85+0.04 h 0.03£0.001 cdef ~ 0.1120.030 abc
HN 0.65+0.04 a 1.53£0.07 ¢ 0.03+0.002 ab 0.09+0.031 abed
FY3 LN 0.34+0.01 ij 0.65+0.01 i 0.02+0.000 h 0.09+0.002 abed
MN 0.54+0.02 bede 0.97£0.04 g 0.03£0.001 cdef ~ 0.09+£0.020 abed
HN 0.55+0.02 bede 1.02+0.02 fg 0.03+0.002 bed 0.07+0.008 abed
8 YY9 LN 0.38+0.02 hij 0.51+0.02 k 0.02+0.001 fgh 0.07+0.011abcdef
MN 0.53+0.02 bede 0.55+0.03 j 0.03£0.001 bede  0.06+0.008 def
HN 0.65+0.05 a 1.25+0.06 d 0.02+£0.011 a 0.11£0.041 abcde
FY3 LN 0.32+0.02 hij 0.35+0.02 1 0.03£0.001 h 0.12+0.004 a
MN 0.49+0.05 cdef 0.65+0.06 i 0.03+0.002 cedf  0.09+0.018 abcde
HN 0.57+0.04 be 1.03+0.07 fg 0.03+0.003 abc 0.10+0.026 ab
18 YY9 LN 0.18+0.01 k 0.45+0.01 k 0.01=0.000 a 0.05£0.001 def
MN 0.43£0.03 fgh 0.61+0.04 ij 0.02+0.002 j 0.03+0.003 f
HN 0.55+0.02 bed 1.104£0.02 ef 0.02£0.002 defgh  0.05+0.003 def
FY3 LN 0.16+0.03 k 0.32+0.04 1 0.0120.001 j 0.06+0.005 def
MN 0.30+0.03 j 0.45+0.03 k 0.0120.002 ij 0.04+0.003 def
HN 0.46+0.04 efg 1.160.05 de 0.02+0.003 hi 0.04+0.008 def
F{H Fvalue
FricJi K%L Days after marking (D) 56.66"" 987.02"" 14.90"" 1732
FhF Germplasm (G) 31.12™ 10.46™ 3.05" 1.87™
438 Treatment (T) 184.57™" 1078.73" 19.58™ 1.17™
DxG 0.63™ 13.917 1.76™ 1.02™
DxT 6.54"" 59.36™" 1.10™ 1.78™
GxT 2.10™ 10.49™ 0.39™ 2.24"
DxGxT 1.81™ 37.90™" 1.21™ 0.87"

AREFABEE A 1o AR/NG FRARE —E KRB RIALBE2E 7 B35 (P < 0.05), ***: P<0.001; **: P<0.01; ns: JLRFEZRSR

Abbreviations and treatments are the same as those given in Fig. 1. Ny, Nyore, Nresp, and Ny, represent the nitrogen content in photosynthesis,

storage, respiration, and structure, respectively. Different lowercase letters indicate significant differences among treatments on the same day
(P <0.05). ***: P<0.001; **: P <0.01; ns: no significant difference.
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Fig. 3 Relationships between area-based nitrogen content and
photosynthetic nitrogen and storage nitrogen

HEFE 1R 1L TLRFIR N/ DT 177 gm % BERFIR Norea
KF 1.77gm?,

Abbreviations are the same as those given in Fig. 1 and Table 1. Solid
lines indicate Ny, < 1.77 g m 2. dashed lines indicate Ny, > 1.77 gm 2,

24 MEBEESMEXEGRIMNXER
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K 4-A), SR, Po 5 Ngorer Npsn 17 K Nyore 17 1
YITAH KN (B 4-B~D); 7EM H ZEZM B, PoS Ny
K Nyore BT IEAH X (8] 4-a, b), 5P & I ToA %
PE(El 4-c, d). KT, ZE0 375K B B, PNUE 5 Ny,
ToH N, B Nyoe 2 HUAHIC(E 4-E, F), 5 Nysa i
FE5 Niore A7 ELAR 51 2 IE A 265 UM G (B 4-G, H); 75
HEHB, Ny 5 PNUE JCHHSEM:, EHAEEE,
TE Nyore T8 T 0.50 g m 2 J7, PNUE 15 Nype S IEHI K,
2 Nyore KT 0.50 g m 2 Ji7, PNUE AF- 5 E 2540 (K] 4-¢,
f), H. PNUE [RIFERYE Npo 5 HEAT Nyore 7 ELIGHH G
P (E 4-g, h).
2.5 AEFEMK T Rubisco HIFETK

Rubisco 1EH Ny FIRZC R, AR ZHEN T Rubisco
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Fig. 4 Relationships between functional nitrogen allocation and photosynthetic capacity
AEFALBEF P 1o Ny Noore BHRTFCE AR ST EAMAERR T E . A-HRRHF Y KB, a-h 2R 2k .

Abbreviations and treatments are the same as those given in Fig. 1. Ny, and Ny represent the nitrogen content in photosynthesis and storage,

respectively. A—H: leaf expansion stage, a—h: leaf senescence stage.
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AR YR B N, AR o8 4 R I Y Bk B i
K, ZEB B EREM. AW, /£ LN 4T,
Rubisco F B TEHIM BB K, ZIRHFEFER(E 5-A,
B). Rubisco ¥4 I& HEAEM 4 kB B, ¢4
FBY B A Bl i K, 2 P AY Rubisco #0461 14 X 1t
LR Y R A —EL, YY9 /Y Rubisco #1146 76 PE7E MN
ARFRF f i, HKOE HN. SR, FY3 B9 Rubisco 4]

AU TETE HN AbFE R ey, H FY3 ZEPREIG K B
WK IR A W SZ . TR 2B, 2 4~ Fl BT Rubisco
P 8 3 R (8 5-C, D).

2.6 Rubisco SPHRERAIERKARENINXE
i 6 s, Rubisco 7EAN A ALK B BEXT DI RE A

55t &R ANR . Rubisco Fiy P, M H
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1.02 nmol s'g ' i, P, ANFARAL(A 6-C, D, ¢, d).
Rubisco & i 7E M BN KT B 5 Ny 122 B35 1
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Fig.5 Rubisco characteristics in rapeseed germplasms under different nitrogen supply levels
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Abbreviations and treatments are the same as those given in Fig. 1. ***: P <0.001; **: P <0.01; *: P <0.05; ns: no significant difference.
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Fig. 6 Relationships among Rubisco, photosynthetic capacity, and functional nitrogen under different nitrogen supply levels
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Abbreviations and treatments are the same as those given in Fig. 1. Ny, and Ny represent the nitrogen content in photosynthesis and storage,

respectively. A-F: leaf expansion stage, a—f leaf senescence stage.
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