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• 玉米籽粒中的碳水化合物几乎全部来自吐丝后光合作用

(Hirel et al., 2007; Lee and Tollenaar, 2007; Ning et al., 2013)

开花期/吐丝期

玉米吐丝后碳水化合物累积与籽粒产量
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源 (叶片)

碳水化合物的分配与运输

库 (籽粒)

叶肉细胞

维管束鞘细胞

维管薄壁细胞

CC/SESucSuc
伴胞/筛管

韧皮部长距离运输

(Bihmidine et al., 2013) 
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质外体空间



影响玉米叶片中碳输出的关键过程

4

(Tran et al., 2019, Mol. Plant)

WT        cpd33 WT        cpd33Maize mutants that function 
in carbs partitioning :

sxd1: sucrose export defective1,
tdy1: tie-dyed1; tdy2: tie-dyed2, 
sut1: sucrose transporter1, 
Cpd1: Carbohydrate partitioning defective1

(Russin et al., 1996; Botha et al., 2000; 
Ma et al., 2008; Slewinski et al., 2009; 
Baker et al., 2016; Julius et al., 2018)

IKI staining

MC BS VP CC SE

× ×

§ Block by callose (β-
glucan, 葡聚糖)

§Dysfunction of 
transporters



氮素供应影响玉米碳累积与分配的可能原因
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N200N0 N200N0

(Peng et al., 2013)

(Ning Peng)

Callose deposition in Vasc. 
Budl. of wheat peduncles

(Kong et al., 2013)

Hypothesis:

(1) Source-sink regulation
(2) Sucrose and starch metabolism
(3) Sucrose export (symplastic pathway and phloem loading)



吐丝期、+20天

叶、穗

N200N0 N300

材料：

    Pioneer 32D79

氮水平：

    N0, N200, N300

氮对玉米穗位叶片光合作用的影响
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低氮玉米穗位叶片累积大量碳水化合物（淀粉）
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N0

N200

20:00 08:00

20 days after silking
Scale bar=5 μm

玉米叶片淀粉粒形态观察
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Silking 20 DAS
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低氮玉米叶片中淀粉粒较大、单位叶绿体中数目较多

(*, P<0.05; **, P<0.01; ns, not significant)



低氮导致光合产物更多地向淀粉合成方向分配
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CalvincycleCO2

Triose-P

Triose-P

Sucrose

TPT1

C3 acid

CC/SE

Starch

Apoplast

穗位叶中蔗糖与淀粉代谢的关键基因表达分析
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MC
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CalvincycleCO2

Triose-P

Triose-P

Maltose

Maltose
MEX1TPT1

C3 acid

CC/SE

Starch

Apoplast

穗位叶中蔗糖与淀粉代谢的关键基因表达分析
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Apoplast

穗位叶中蔗糖与淀粉代谢的关键基因表达分析

Export 



叶肉细胞 (MC)

维管束鞘细胞 (BS)

维管薄壁细胞 (VP)

Suc

Starch 
turnover

Sucrose

Suc

质外体空间 (Apoplast)

CC/SE

Suc Export

?

?
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sxd1-1 chlorotic leaf

Callose deposition

(Ma et al., 2008)韧皮部 Phloem
?

Sucrose

叶片中蔗糖输出的共质体途径（胞间连丝）

50 μm

10 μm
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低氮和正常供氮玉米叶片胞间连丝形态类似
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穗位叶中蔗糖韧皮部装载相关基因表达分析

Sweet13a Sweet13b

Sweet13c Sut1

Export for biomass

N0
N20

0
N30

0 N0
N20

0
N30

0

Silking 20 DAS

00:00
04:00
08:00
12:00
16:00
20:00

8

0
-3
Log 2 FC

4

00:00
04:00
08:00
12:00
16:00
20:00

N0
N20

0
N30

0 N0
N20

0
N30

0

Silking 20 DAS

SWEET: sugars will eventually be exported transporter
SUT: sucrose transporter
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玉米雌穗中糖类转化、运输和储存

(Bihmidine et al., 2013) 



上部穗轴 下部穗轴 上部穗轴 下部穗轴
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低氮导致玉米穗轴中糖类和淀粉累积
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上部籽粒 下部籽粒 上部籽粒 下部籽粒

籽粒中糖类和淀粉的累积



20

库-籽粒

Stunted leaf growth and function
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Take-home message: 

        低氮玉米叶片蔗糖

输出的共质体途径正常，

但韧皮部装载过程明显

受到限制；

        同时，低氮导致籽

粒碳利用能力降低，进

一步反馈抑制叶片中蔗

糖输出，最终影响产量。

-N

Starch

ZmMex1-like

ZmSweet13s
ZmSut1

Starch

（Ning et al., 2018, J. Exp. Bot.; Ning et al., 2019, Agronomy-basel）
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低氮玉米穗长、籽粒数目和粒重降低



Calvin Cycle
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