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Abstract 

Sweet potato/maize relay-cropping mode is considered as the main farming practices of dry land in Southwest China. 
Although relay-cropping would cause the reduction of fresh tuber yield, it still remained unclear that the reason was shade 
resulted from maize or genotype of sweet potato. The present work aims at exploring the effects of maize (Zea mays L.) plant-
type on photosynthetic physiology and yield of sweet potato (Ipomoea balatas L.) in relay-cropping system. Besides, three 
plant-types maize cultivars including compact, semi-compact and expanded type were used for relay-cropping with different 
sweet potato cultivars (‘Yushu-2’, ‘Yushu-6’ and ‘Nanshu-88’) in field. The results showed that the photosynthetically active 
radiation (PAR) was declined with the increase of expansion of maize plant-type, which decreased by 77.5%, 80.1% and 82.1% 
respectively. When relay-cropped with extended maize, the yield reduction rate of sweet potato was the highest (67%). The 
shade-resistance of different genotype of sweet potatoes was different, and the yield reduction rate of ‘Yushu-2’ was the lowest 
(37.01%). Through conducting correlations analysis, it showed that fresh tuber yield had significant positive correlation with 
Effective Quantum Yield (Y(II)) and significant negative correlation with Non Photochemical Quenching Coefficient 
(NPQ). In terms of ‘Yushu-2’, the proportion of heat dissipation was the lowest, and its light quantum efficiency was higher 
than others. As a result, its reduction rate of yield was lower than the other two. We suggested that compact maize cultivar 
relay-cropping with strong shade-resistance sweet potato cultivar should be mainly applied in practice of sweet potato.  
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Introduction 

Relay-cropping mode of sweet potato and maize is 
common in those areas, especially in the Southwest China. 
Sweet potato relay-cropping with maize represented more than 
half of the farming methods of dry land in Southwest China. 
Mixed cropping practices allowed more efficient uses of farm 
resources (Kolman, 1993; Tolera, 2003) and enhanced 
resources use ratio (Trenbath, 1986; Sivakumar, 1993; 
Szumigalski and Van, 2008). Besides, potential 
complementarity in sunlight utilization for crop production 
was the most important advantage of intercropping systems 
(Gebru, 2015). In order to make the maximized profit 
(Nedunchezhiyan et al., 2007) and acquire higher land 
equivalent ratio (LER) and yield stability (Wells et al., 2000; 
Skelton and Barrett, 2005), which was the ultimate aim of 
intercropping. Maize means shading to a great extent, though 
excess cloudiness encourage vegetative growth, it causes yield 

reduction (Nedunchezhiyan et al., 2012), especially main crop 
(Gliessman, 1985). Mead (1980) claimed that the benefits of 
multiple cropping are achieved by the simple suitability of 
growing crops together. To select the appropriate crop cultivars 
relay-cropping together is necessary to production practice. It is 
one of the main aims of the present research.  

Light intensity made strong influence on growth and 
development of sweet potato (Chipungahelo et al., 2007). 
Though it could tolerate slight to moderate light reduction, 
enough strength of solar radiation was still necessary (Oswald et 
al., 1995). The microenvironment of plants was inevitably 
affected by maize and light transmission situation. Shading 
could decline the stomatal density (Onwuemet and Johnston, 
2000). The status of ventilation and light may be different 
which was caused by different maize plant-type. Light 
condition of the mesophyll layers can affect the photosynthetic 
physiology (Nikolopoulos et al., 2002). Besides, net 
photosynthetic rate (Pn) of crop is often influenced by 
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starch contents of 23.22%, 26% and 16.4%, respectively) were 
adopted in this trial.  

All sweet potato (maize) cultivars were solely planted as 
controls (the planting space for another crop was left blank and 
planting density was the same as relay-cropping).  

Planting method of relay-cropping - row ratio of maize to 
sweet potato was 2:2. Maize was planted in accordance with 
wide-narrow rows, with the wide row space of 123.5 cm and 
narrow row space of 40 cm. Sweet potato was planted by ridging, 
with two ridges being ridged in the wide-row of maize at a ridge 
width and height of 40 cm each (Fig. 1). Planting densities of 
sweet potato and maize were 49,500 plants hm-2 and 52,500 
plants hm-2, respectively. Maize was planted on April 1st and 
harvested on July 20th; while sweet potato was planted on May 
15th and harvested on October 20th. Thus, the symbiotic period 
was 65 days. Fertilization and water management were the same 
as local practice.  

All tests were carried out from March to October, 2014 in 
the potato crops research base of Southwest University in Xiema 
Town (N：29°46′3.15″, E: 106°21′54.71″). Local weather 
conditions: annual average solar radiant quantity was 87,108 kJ 
cm-2, with an annual of 359 frost-free days. Other basic weather 
information during the trial was shown in Table 1. The soil type 
was purple silty loam with medium fertility (higher available 
phosphorus content).  

 
Yield conversion 
Composite production what mean to add the dry weight of 

maize grain and root tuber together. Dicing root-tuber and 
drying to constant weight (in the constant temperature oven 
with 80 °C to calculate the ratio of dry matter (RDM), and the 
yield of sweet potato could be converted: Ys = Fresh Root Tuber 
× (1–RDM). 

Land Equivalent Ratio (LER) is the most commonly used to 
indicate the biological efficiency and yield per unit area of land as 
compared to mono-cropping system (Gebru, 2015). LER can be 
written:  

 
 
where ‘m’ was used for maize, ‘s’ for sweet potato. ‘Lm’ and 

‘Ls’ mean LER for monoculture, ‘Ym’ and ‘Ys’ mean yield in 
intercropping, and ‘Sm’ and ‘Sm’ mean yield in monoculture 
respectively. 

environment factors such as light intensity (Kriedemann, 
1968; Bowes et al., 1972; Terry, 1986; Wang et al., 2017). 
Intercellular CO2 concentration (Ci) change reflects change in 
stomatal conductance (Caemmerer and Farquhar, 1981). 
Moreover, the change of transpiration rate (Tr) could affect the 
leaf temperature and water potential in turn to change 
photosynthetic rate (Leuning, 1995; Farquhar et al., 2001; 
Zheng et al., 2008). Light can be used to drive photosynthesis 
(photochemistry), excess energy can be dissipated as heat or it 
can be re-emitted as light-chlorophyll fluorescence (Edossa et 
al., 2014). The most useful parameter measuring the 
photochemistry efficiency of Photosystem II was ΦPSII 
(Genty et al., 1989), which indicated the proportion of the 
light used in photochemistry. Another widely used 
fluorescence parameter referred to ‘photochemical quenching’ 
(qP), which given an indication of the proportion of PSII 
reaction centres that were open (Maxwell and Johnson, 2000). 
Fv/Fm (maximum efficiency of PSII) could interrelate ΦPSII 
and qP (Genty et al., 1989). The problem of needing to dark-
adapt leaves was also applied when quantifying non-
photochemical quenching (NPQ), which measured the 
efficiency of heat dissipation (Maxwell and Johnson, 2000). 
Therefore, chlorophyll fluorescence parameters provide 
information about the state of Photosystem II. Photosynthesis 
measurements was combined to obtain a full picture of the 
response of plants to their environment (Maxwell and 
Johnson, 2000). 

Previous studies of intercropping mainly focused on cereal-
legume intercrop: maize/soybean, cowpea or pea, pea/mille or 
wheat, which could be summarized as effects of high canopy 
crop on plant growth, biomass, yield and dry matter et al., and 
some about the proportion of components, soil nutrient and 
light distribution of sweet potato in intercropping system 
(Midmore et al., 1988; Marchiol et al., 1992; Oswald, 1994; 
Oswald et al., 1995; Olasantan et al., 1996; Aladesanwa and 
Adigun, 2008; Wahla et al., 2009; Bedoussac and Justes, 2010; 
Ghanbari et al., 2010; Islam et al., 2014;). The problems were 
that there were rare reports about shade-tolerance of sweet 
potato under different maize plant-types. Numerous researches 
about sweet potato relay-cropping had been reported, yet failed 
to issue the problem of how to choose maize and sweet potato 
cultivar in practical production. Therefore, it was necessary to 
investigate what caused yield reduction of sweet potato in relay-
cropping system. The present work combined photosynthetic 
parameters and chlorophyll fluorescence, light distribution and 
biochemical enzymes of sweet potato. Different maize plant-
types caused the reduction of sweet potato photosynthetic 
capacity. Expanded maize had made the greatest effect on sweet 
potato and NPQ and Y(II) could act as index of shade-
tolerance capacity of sweet potato. 

 
Materials and Methods  

Plant material and cultivation conditions 
Two factors, A and B (A represented maize plant-type while 

B stood for sweet potato cultivar), were included in this trial, 
with three levels being set for each factor. Three maize plant-
types, namely, the compact type ‘Zhendan-958’ (A1), the semi-
compact type ‘Yudan-8’ (A2) and the expanded type ‘SAU-
1332’ (A3); together with three sweet potato cultivars, namely, 
‘Yushu-2’ (B1), ‘Yushu-6’ (B2) and ‘Nanshu-88’ (B3) (with the 
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Fig. 1. Patterns in relay-cropping experiment plots 
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Photosynthesis and chlorophyll fluorescence analyses 
Such analyses were conducted at the root tuber and stem co-

growing stage (60 days after sweet potato was planted). The 
correlative photosynthesis rate (net photosynthetic rate, Pn), 
transpiration rate (Tr), stomatal Conductance (Gs), intercellular 
CO2 concentration (Ci) were determined using the Li-6400 
portable photosynthesis system (Li-Cor Inc., Nebraska, USA) 
from 09:00 to 11:30 in a sunny morning. Three plants were 
randomly selected from each block and three leaves (top, medial 
and bottom leaf) were chosen from each plant for measuring 
photosynthetic parameters. The means of three leaves 
represented the finial values of Pn, Tr, Gs and Ci of the plant. 

Chlorophyll fluorescence was determined on the same day 
(Light Curve, in the daytime with Distance Clip of 60° 2035-B; 
Induction Curve, dark treatment for 30 min with Dark Leaf 
Clip of DLC-8) using Photosynthesis Yield Analyzer MINI-
PAM-II (Heinz Walz GmbH Inc., Germany). Five sites, which 
were 5 cm above the respective canopy of maize and sweet 
potato, and ground between two maize rows, two sweet potato 
ridges, as well as maize row and sweet potato ridge, in the 
intercrop system were measured by LI-191SA linear light 
quantum sensor (Li-Cor Inc., Nebraska, USA).  

 
Enzyme analysis 
Sweet potato leaf samples were collected from the top 4th leaf 

of sweet potato 60 days after it was planted, using a 5 mL 
centrifuge tube (at the vine and root tuber growth phase). 
Subsequently, they were taken to lab and stored in cold storage (-
40 °C) until used for analyses. 0.5 g leaf sample was placed in the 
grinding bowl and 4.5 mL of 1/15 M PBS (pH = 7.3) was added 
to make a slurry. 1ml supernate was removed from the centrifuge 
tube using the pipettes syringe and transferred to the Elisa plate 
for test by ELISA Kit. 

 
Date analysis 
All the data we had obtained were analyzed and organized by 

the software of Microsoft Excel. 2010, and used SPSS.21 
(Statistic Package for Social Science) for analysis of variance and 
correlation. 
Results  

The Fresh Tuber Yield (FTY) and Composite Production 
Same FTY change tendency could be seen in diverse plant-

types of maize in the intercrop system (Fig. 2 B). Sweet potato 
and maize cultivars in the intercrop system, as well as the 
combined action of A (maize) and B (sweet potato) had 
notably affected the yield of fresh tuber (P<0.05). Intercrop 
had resulted in reduction in production, which followed the 
treatment order of A3B1 < A3B2 < A2B2 < A2B1 < A1B1 < 
A3B3 < A2B3 < A1B2 < A1B3, with difference being 
statistically significant (P ≤ 0.05). Relay-cropping had reduced 
fresh tuber by 37.01-54.21% for B1, 48.33-67.24% for B2 and 
55.64-66.33% for B3. Highest yield reduction rate (67%) of 
sweet potato could be achieved in the case of relay-cropping 
with extended maize. In a word, different genotypes of sweet 

potatoes were associated with different degrees of shade-
resistance, and ‘Yushu-2’ had the lowest yield reduction rate 
(37.01%). 

It was not the same case when the yield of maize was taken 
into combined consideration to judge the overall benefits (Fig. 
2 A and Table 2). The composite production followed the 
order below: A1B2 > A1B3 > A2B2 > A1B1 > A3B2> A2B3 
> A2B1 > A3B3 > A3B1. The maximum composite 
production was 15,894.17 Kg hm-2, which was higher than that 
of monoculture of two crops. Besides, composite production in 
A1 intercropping with three sweet potato cultivars was 
significantly higher than the others. Tests of Between-Subjects 
Effects (Table 2) suggested that A (F = 32.647) had more effect 
on composite production than B (F = 12.853), but difference 
in reciprocal action between A and B was not significant.   

Table 1. Basic meteorology information during the trial (from March to October) 

Item 
Month 

3 4 5 6 7 8 9 10 
Mean temperature (℃) 14.8 20 23.6 25.8 27.6 26.9 23.3 20.1 

Mean rainfall (mm) 25 100 110 250 180 225 210 70 
Mean duration of sunshine (hr) 118 115 95 85 205 203 55 95 

 

 

Fig. 2. The effect of maize plant-type on composite production 
(A, dry weight of maize grain and root tuber) and sweet potato 
fresh tuber yield (B). Note: A1, ‘Zhendan-958’; A2, ‘Yudan-8’; 
A3, ‘SAU-1332’. B1, ‘Yushu-2’; B2, ‘Yushu-6’; ‘Nanshu-88’; 
Error bars represented ± SE (standard errors) of 3 replicates; 
Different letters on each bar show significant difference at p ≤ 
0.05 by Duncan’s multiple range tests; Square column in 
histogram meant different sweet potato cultivars relay-cropped 
with different plant-types of maize (legend item) 
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Land Equivalent Ratio (LER) 
The LERs of relay-cropping were higher than those of 

monoculture (Table 3). The LERs of B2 and B3 monocultures 
showed no significant differences when relay-cropping with A2 
and A3, respectively, which displayed distinct difference when 
relay-cropping with A1. LERs of B1 and B2 cultivars in 
different relay-cropping systems displayed notable differences 
when relay-cropping with each other (P ≤ 0.05). There was 
almost no significant difference in maize cultivars 
intercropping with sweet potato, except for A1 and A2 
intercropping with B3. Both sweet potato cultivars and maize 
cultivars exert remarkable effects on the total LER value, and 
the differences were statistically significant (P ≤ 0.05). 
Moreover, the maximum total LER value was achieved in 
A2B1 (1.835). Thus, it could be seen that it was more suitable 
for relay-copping compact maize cultivar with sweet potato. 
‘Yushu-2’ (B1) had higher shade-resistance than the other two 
cultivars, which made it unsuitable for relay-cropping.  

 
Photosynthetic Parameters in Response to Intercropping  
Net Photosynthetic Rate 
Intercropping had resulted in reduced net photosynthetic 

rate (Pn) (Fig. 3 B), with the difference being statistically 
significant (P ≤ 0.05). B1 relay-cropping with different maize 
cultivars displayed the highest reduction of 28.13% when 
compared to that of monoculture, which was 30.37% for B2 
and 40.61% for B3. The decreasing amplitude of relay-
cropping followed the order below: A3 > A2 > A1 (A3, A2 
and A1 represented the expanded, semi-compact and compact 
maize plant-types, respectively). In another word, the more 
shading area was associated with the lower Pn value. For the 
same sweet potato cultivar, A2 and A1 had no significant 
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difference, but difference between A1 and A3 was significant 
(P ≤ 0.05). All sweet potato cultivars relay-cropping with A1 
had higher Pn values, with A1B2 being the collocation of 
highest Pn value.  

 
Transpiration Rate 
The trend of transpiration rate (Tr) (Fig. 3B) was similar, 

and monoculture had higher Tr values, which had reached the 
significant level. Tr values reduced accompanied by the 
extension of maize plant-type (A1 to A3). Difference in shade 
degree as well as the factor of sweet potato cultivar had 
apparently influenced the Tr value (P ≤ 0.05). Correlation 
analysis indicated that there were no significant differences (P 
= 0.083 > 0.05) in Pn and Tr in this experiment. 

 
Intercellular CO2 Concentration (Ci) 
There were significant differences (P ≤ 0.05) among B1, B2 

and B3 for monoculture (Fig. 3 A). All relay-cropping 
collocations had distinctly higher Ci values than their 
corresponding monoculture modes. Results of analysis of 
variance suggested that, compared with the maize plant-types, 
sweet potato cultivar had greater influence on Ci within relay-
cropping system. A3 relay-cropping with sweet potato could 
lead to higher Ci value than the others. Ci values of all 
collocations followed the order of A3B1 > A2B1 > A1B1, 
which was similar to that of the other two sweet potato 
cultivars). 

 
Stomatal Conductance（Gs) 
Gs displayed the same variation trend with Tr, but was  

opposite to Ci (Fig. 3 C). Cultivar (sweet potato and maize, P 
<0.01) and interaction of cultivar (P = 0.02) had conspicuous 

Table 2. Tests of Between-Subjects Effects of the effect of sweet potato cultivar, maize plant-type and their interaction on composite production 

Dependent Variable: Composite Production 

Source Type III 
Sum of Squares 

df Mean Square F Sig 

A 31747081.8 2 15873540.9 32.674 ** 
B 12489005.7 2 6244502.8 12.853 ** 

A * B 3600474.0 4 900118.5 1.853 ns 
R Squared = 0.845 (Adjusted R Squared =0.777) 
Note: ** Significantly different at the 0.01 probability levels; ns, not significant at p ≤ 0.05; A and B meant maize and sweet potato cultivar respectively. A*B meant A and 
B interactions. 
 

Table 3. Comparison of LER (Land Equivalent Ratio) value between different relay-cropping collocations and sweet potato sole cropping  

Treatments 
LER 

Sweet potato (sole) Total LER 
A1B1 0.611 ± 0.023ab 1.747 ± 0.071ab 
A1B2 0.355 ± 0.074d 1.430 ± 0.091cd 
A1B3 0.634 ± 0.016a 1.562 ± 0.047bcd 
A2B1 0.631 ± 0.006a 1.835 ± 0.034a 
A2B2 0.521 ± 0.024bc 1.641 ± 0.089abc 
A2B3 0.499 ± 0.035c 1.627 ± 0.066abc 
A3B1 0.460 ± 0.018c 1.621 ± 0.005abc 
A3B2 0.331 ± 0.02d 1.419 ± 0.025cd 
A3B3 0.352 ± 0.025d 1.350 ± 0.12d 

Significant Level   
A (Maize)  * 

B (Sweet Potato)  * 
A*B (interaction) 

 
ns 

C.V. % 25.88 11.57 
Note: Different lowercase in each column showed significant difference at p ≤ 0.05 (*) by Duncan’s multiple range tests’s multiple range tests; ns, no significant at p ≤ 
0.05. ‘C.V.%’, coefficient of variation; ‘Value ± SE’, average of 3 replicates ± SE (standard errors); A, maize plant-type factor; B, sweet potato cultivar factor; A*B, A and B 
interactions 
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effect on Gs. The cultivar of extended maize led to lower Gs 
value in sweet potato. Influence of maize plant-type on Gs 
followed the order of A1 > A2 > A3. For sweet potato, B1 and 
B2 displayed no significant difference in Gs (P > 0.05), but B1 
and B2 had significantly greater Gs than that of B3 (P≤ 0.05). 

Therefore, relay-cropping decreased the net photosynthetic 
rate, stomatal conductance and intercellular CO2 
concentration, but different maize plant-types revealed various 
degrees of influence. Alternatively speaking, different sweet 
potato cultivars had different degrees of reduction. Pn in A1, 
A2 and A3 relay-cropping systems had decreased by 12.34-
18.17%, 19.74-23.62% and 28.31-40.41%, respectively, while 
Gs had reduced by 3.10-8.27%, 8.93-19.65% and 10.01-
33.86%, respectively, an Tr had lowered by 22.68-28.08%, 
33.61-45.39% and 41.54-56.77%, respectively, comparing with 
their corresponding monocultures. In the relay-cropping 
system, B1 showed higher shade-resistance than B2 and B3; 
meanwhile, the reduction rate in Pn, Gs and Tr of B1 were 
lower than those of B2 and B3. 

 
Chlorophyll Fluorescence Parameters 
Effective Photochemical Quantum Yields of PSII (Y(II)) 
The Y(II) values (Table 4) of sweet potato in relay-

cropping system were significantly 15.37-42.50% lower (P ≤ 
0.05) than their monocultures. B1 relay-cropping with three 

kinds of maize cultivars had better behaviors with the 
minimum decreasing amplitudes. Relay-cropping could reduce 
Y(II) level as maize plant-types changed (A1 to A3), but the 
difference in variety was not significant, which might be related 
to the different degrees of shade-tolerance. 

 
Coefficients of Photochemical Fluorescence Quenching (qP) 
Relay-cropping could also affect the proportion of open 

PSII reaction centers. The qP values (Table 4) of single 
cropping of sweet potato were higher than those of relay-
cropping for themselves. The maize plant-types could not 
significantly affect the qP values; however, it declined with the 
extension of plant-types. The maximum qP value could be seen 
in A1B3 in the relay-cropping system (namely, ‘Zhendan-958’ 
relay-cropping with ‘Nanshu-88’).  

 
Maximum Photochemical Quantum Yields of PSII (Fv/Fm) 
As was shown in Table 4, Fv/Fm value of sweet potato 

monoculture was higher than its corresponding relay-cropping. 
Results of analysis of variance had suggested that the difference 
between A1B2 and A3B2 had reached significant level. 
Compared with monoculture, the relay-cropping only resulted 
in 2.03-4.29% decline in Fv/Fm. Fv/Fm value of A1B2 was 
higher than that of the other relay-cropping systems. 
Differences in relay-cropping among the three sweet potato 

 

Fig. 3. Comparison of intercellular CO2 concentration (Ci, A), net photosynthetic rate (Pn, B), stomatal conductance(Gs, C) 
and transpiration rate (Tr, D) of sweet potato relay-cropping with different plant-type maize cultivars and sweet potato sole 
cropping. Note: A1, ‘Zhendan-958’; A2, ‘Yudan-8’; A3, ‘SAU-1332’. B1, ‘Yushu-2’; B2, ‘Yushu-6’; ‘Nanshu-88’; Error bars 
represented ± SE (standard errors) of 5 replicates; Different letters on each bar showed significant difference at p ≤ 0.05 by 
Duncan’s multiple range tests; Square column in histogram meant different sweet potato cultivar relay-cropped with different 
plant-types of maize (legend item) 
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cultivars were not significant, but it showed preferably as a 
whole when they were collected with B1 (compact plant-type 
cultivar of maize). 

 
Parameters of Non-Photochemical Quenching (NPQ) 
Thermal dissipation of sweet potato photosynthetical 

system could be reflected by NPQ value. The trend of 
influence of relay-cropping on NPQ value (Table 4) was 
contrary to that of Fv/Fm. Relay-cropping could elevate NPQ 
value compared with the monoculture, which increased 
accompanied by the extension of maize plant-type (A1 to A3). 
In addition, both the maize plant-type and sweet potato 
cultivar could markedly affect the change of NPQ (P ≤ 0.01).  
Compared with the monoculture mode, the change range of 
NPQ was the lowest in B1 among the three sweet potato 
cultivars when it relay-cropped with all maize plant-types. 

 
Relative Electron Transfer Rate (ETR) 
As could be seen in Table 4, differences among different 

treatments were not significant. But sweet potato cultivar (F = 
2.023) had greater effect on ETR than that of maize plant-type 
(F = 0.717). ETR of each sweet potato variety had declined 
with the extension from A1 to A3. The maximum ETR 
appeared in A3B3 and B3 in the intercropping and 
monoculture systems, respectively. There was no significant 
difference between relay-cropping and sole cropping.   

Fluorescence parameters showed that sweet potato in relay-
cropping would subject to low light stress. B1 showed higher 
photon capture efficiency than B2 and B3, because its 
reduction rate of Fv/Fm (average value was 25.57%) was lowest 
than sole cropping. and its heat dissipation ratio increased by 
6.96% which lower than B2 (46.01%) and B3 (8.84%). 

 
Photosynthetically Active Radiation (PAR) 
As was shown in Fig.4, great difference could be seen 

among different sites in the intercropping system, especially 
between maize canopies and the underneath sweet potato 
canopies. There were no significant differences in their PAR of 
maize canopy, as well as in sweet potato row interval (Fig. 4). It 
was worth noting that sweet potato canopies were affected by 
shade of maize. In addition, different plant-types had resulted 

in various degrees of differences in PAR (A1 > A2 > A3), all of 
which reached significant level. The luminousness of different 
maize canopies followed the order of A1 (22.46%) > A2 
(19.88%) >A3 (17.95%).   
 

RuBisCO and SPS Activity 
RuBisCO  
Activity of key enzyme of photosynthesis RuBisCO had 

diminished (Fig. 5 B) as a result of relay-cropping; meanwhile, 
it was distinctly affected by maize plant-type (P ≤ 0.05). But the 
effect of sweet potato cultivar (namely, genotype difference) 
was not significant (P = 0.263 > 0.05). Significant differences 
could be seen among A1, A2 and A3 relay-cropping with B1, 
B2 but not B3, for the same sweet potato. For sweet potato 
monoculture, B2 (high starch cultivar) had the highest enzyme 
activity. However, it had the most notable decline (4.13% to 
6.96%) among the three kinds of sweet potatoes in relay-
cropping system. A1B1 had the highest RuBisCO activity in 
the relay-cropping mode, which was conducive to fix 
photosynthetic product. 

Table 4. The comparison of fluorescence parameters of different treatments 
Treatment Fv/Fm Y(II) qP NPQ ETR 

A1B1 0.847 ± 0.002b 0.413 ± 0.004b 0.581 ± 0.004c 0.902 ± 0.002cd 15.7 ± 0.8a 
A1B2 0.849 ± 0.004b 0.400 ± 0.005bc 0.599 ± 0.009bc 0.974 ± 0.027bc 16.7 ± 0.3a 
A1B3 0.845 ± 0.005bc 0.378 ± 0.005bcd 0.602 ± 0.006bc 0.862 ± 0.025de 17.2 ± 0.6a 
A2B1 0.846 ± 0.006b 0.361 ± 0.019bcde 0.577 ± 0.007c 1.034 ± 0.046b 15.3 ± 1.7a 
A2B2 0.844 ± 0.002bc 0.326± 0.007de 0.595 ± 0.022c 1.017 ± 0.051b 16.3 ± 0.4a 
A2B3 0.843 ± 0.003bc 0.355 ± 0.023cde 0.596 ± 0.004bc 1.014 ± 0.032b 16.3 ± 0.8a 
A3B1 0.837 ± 0.002bc 0.323 ± 0.009e 0.55 8± 0.072c 1.190 ± 0.041a 14.7 ± 0.9a 
A3B2 0.832 ± 0.002c 0.311 ± 0.007e 0.578 ± 0.005c 1.040 ± 0.015b 15.4 ± 1.1a 
A3B3 0.837 ± 0.004bc 0.310 ± 0.021e 0.577 ± 0.02c 1.047 ± 0.011b 15.6 ± 1.7a 
CKB1 0.865 ± 0.006a 0.486 ± 0.02a 0.685 ± 0.017a 0.844 ± 0.013de 16.2 ± 0.6a 
CKB2 0.869 ± 0.007a 0.494 ± 0.031a 0.720 ± 0.015a 0.667 ± 0.021f 17.1 ± 0.2a 
CKB3 0.868 ± 0.001a 0.465 ± 0.022a 0.674 ± 0.029ab 0.792 ± 0.025e 17.3 ± 0.4a 

Significant Level      
A (maize) ns ns ns ** ns 

B (sweet potato) ** ** ns ** ns 
A*B ns ns ns ns ns 

C.V. % 1.58 18.05 6.97 15.06 9.6 
Note: A1, ‘Zhendan-958’; A2, ‘Yudan-8’; A3, ‘SAU-1332’. B1, ‘Yushu-2’; B2, ‘Yushu-6’; ‘Nanshu-88’; Error bars represented ± SE(standard errors) of 3 replicates; 
Different letters on each bar showed significant difference at p ≤ 0.05 by Duncan’s multiple range tests; ‘Value ± SE’, average of 3 replicates ± SE (standard errors); ‘**’ 
represent difference at p ≤ 0.01 (**) by Duncan’s multiple range tests’s multiple range tests; ‘C.V.%’, coefficient of variation; ns, not significant at p ≤ 0.05; A, maize plant-
type factor; B, sweet potato cultivar factor; A*B represent A and B interactions. 
 

 

Fig. 4. The effect of plant-type on PAR (photosynthetically 
active radiation) in different sites between maize and sweet 
potato canopy. Note: All sites were measured in relay-cropping 
system. Error bars represented ± SE (standard errors) of 5 
replicates; Different letters on each bar show significant 
difference at p ≤ 0.05 by Duncan’s multiple range tests; A1, 
‘Zhendan-958’; A2, ‘Yudan-8’; A3, ‘SAU-1332’ 
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Sucrose Phosphate Synthase (SPS) 
SPS activity under different treatments showed different 

trend (Fig. 5 A) with that of RuBisCO. Relay-cropping 
resulted in increased SPS activity in sweet potato leaves, which 
could also increase with extension of maize plant-type. From 
the point of view of monoculture, B3 had the highest SPS 
activity over the others. Moreover, B3 also had higher SPS 
activity than the other cultivars in relay-cropping with the same 
maize plant-type. Both maize plant-type and sweet potato 
cultivar had greatly influenced SPS activity. There were 
significant differences among sweet potato cultivars (P ≤ 0.05). 

There were no significant differences in RuBisco activity 
among three sweet potato cultivars in their corresponding 
monocultures. But B1 in the relay-cropping system showed 

advantage over others in carbon dioxide fixation. In addition, 
B1 also had the highest reduction rate of SPS activity; thus, B1 
was to the disadvantage in term of final sucrose formation. 
Discussion 

Sweet potato is grown under different shade conditions for 
about two months, and the photosynthetic and chlorophyll 
fluorescence responses in different maize plant-types (light 
conditions) are evaluated. The results show that the yield of 
sweet potato is affected by maize, which also displays genotype 
difference.  

 
Correlation analysis 
As is shown in Table 5, all photosynthesis related 

parameters (Tr, r=0.2; Pn, r=0.24; Gs, r=0.02) are positively 
correlated with yield, but the differences are not statistically 
significant (P>0.05). Y(II) shows remarkably positive 
correlation with fresh tuber yield (P<0.01), but NPQ is 
distinctly negatively correlated with fresh tuber yield (P<0.01). 
The correlation coefficients of other chlorophyll fluorescence 
parameters (qP, r=0.37; Fv/Fm, r=0.35; ETR, r=0.33) are all 
at low level. Starch is mainly accumulated in root of sweet 
potato, and sucrose content is generally negatively correlated 
with starch accumulation. This is confirmed by results of this 
study (SPS with yield, r=-0.29). RuBisco participates in 
tricarboxylic acid cycle, which is positively correlated with all 
photosynthesis related parameters except for Ci. 

 
Production efficiency analysis 
Results of numerous studies about relay-cropping (or 

intercropping) systems, such as maize/climbing bean (Tolera, 
2003), maize/cowpea (Ghanbari et al., 2010), sweet 
potato/okra (Njoku et al., 2007), sweet potato/maize (Islam et 
al., 2014), all indicate that such system has a high yield potential 
for the composite production except for the sole root tuber 
yield. Our results are similar to those from Oswald et al. (1994), 
which show that shade level has the greatest influence on tuber 
formation and finally the tuber yield. The reason for the 
presence of different yield behaviours may be related to the 
difference in cultivar tolerance (Oswald et al., 1995). 

The composite production of relay-cropping is higher than 
their monocultures respectively, despite that relay-cropping has 
caused decreases in fresh tuber yield. The yield of ‘Yushu-2’ is 
remarkably lower than that of ‘Yushu-6’ and ‘Nanshu-88’ in 
single cropping, but the shade-tolerance of ‘Yushu-2’ is stronger 
than the other two in the relay-cropping system. As a result, 
‘Yushu-2’ is more suitable for relay-cropping considering the 
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Table 5. Correlations analysis (Pearson Correlation) of all indicators and fresh tuber yield 

 Yield Pn Tr Gs Ci Fv/Fm Y(II) qP NPQ ETR SPS 
Pn 0.20 

          Tr 0.24 0.445** 
         Gs 0.02 0.25 0.66** 

        Ci -0.08 -0.579** -0.10 0.10        
Fv/Fm 0.35 0.12 0.23 0.07 -0.16       
Y(II) 0.62** 0.561** 0.41* 0.16 -0.22 0.41*      

qP 0.37 0.20 0.34 -0.01 -0.13 0.12 0.17     
NPQ -0.65** -0.31 -0.32 -0.17 0.29 -.39* -0.62** -0.10    
ETR 0.33 0.17 0.35 0.02 -0.21 0.03 0.39* 0.01 -0.26   
SPS -0.29 -0.23 -0.59** -0.57** 0.26 -0.670** -.607** -0.16 0.50** -0.13  RuBisco 0.15 0.38* 0.32 0.21 -0.09 0.37 0.57** 0.19 -0.36 0.28 -0.55** 

Note: ** Correlation is significant at the 0.01 level (2-tailed). *Correlation is significant at the 0.05 level (2-tailed). 

 

 

Fig. 5. Comparison of the SPS (A) and RuBisCO (B) activity in 
different treatments. Note: A1, ‘Zhendan-958’; A2, ‘Yudan-8’; 
A3, ‘SAU-1332’. B1, ‘Yushu-2’; B2, ‘Yushu-6’; ‘Nanshu-88’; 
Error bars represented ± SE (standard errors) of 4 replicates; 
Different letters on each bar show significant difference at p ≤ 
0.05 by Duncan’s multiple range tests; Square column in 
histogram meant different sweet potato cultivars relay-cropping 
with different plant-types of maize (legend item) 
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genotype of sweet potato. Advantage of relay-cropping over 
single cropping can be reflected by composite production, 
which can also be attributed to the role of maize. Although 
relay-cropping has resulted in reduced yield of sweet potato, it is 
beneficial to the growth of maize. Sweet potato is an 
appropriate crop for use as live mulch, which can be effectively 
exploited for weed suppression, thus improving the growth 
responses in maize (Aladesanwa and Adigun, 2008). Similar to 
sorghum/soybean, high-position plant sorghum acquires 
higher grain yield (Ghosh et al., 2004).  

 
Interception of light 
The taller component can intercept the major share of 

light; as a result, growth rates of the two components are 
proportional to the quantities of the photosynthetically active 
radiation (PAR) they intercept. Fig. 4 has showed that maize 
canopy has decreased the light reduction (LR) by 77.53% to 
82.05%. Less PAR will lead to fewer ‘sources’ of light for sweet 
potato under the condition of relay-cropping. Thus, the 
physiological process of sweet potato is affected by weak light, 
which is unfavourable for the formation of root tuber 
compared with that under full sunlight. On the one hand, the 
formation of root tuber is almost completely suppressed when 
the light has reduced over 73% (Roberts et al., 1986). On the 
other hand, the decline in production may be attributed to the 
reduction in the number of tuber⋅m-2 caused by the deep shade, 
which has given rise to the sink-size. ‘Yushu-2’ is a sweet potato 
cultivar that has stronger shade-tolerance than other 
candidates, which is affected to the least extent. 

 
Photosynthesis and chlorophyll fluorescence parameters 
Though Pn follows the order of ordered of ‘Nanshu-88’ > 

‘Yushu-6’ > ‘Yushu-2’ in single cropping, the reduction of Pn 
in ‘Yushu-2’ is lower than the other two in relay-cropping 
system. Plants can adapt to photosynthesis in prevailing 
environment within a certain range. Meanwhile, the 
susceptibility of photosynthesis to adverse situation varies 
among different categories of crops (Lin et al., 2007). It is found 
in this research that Pn increases with the the extension in 
maize plant-type from compact to expanded type. Compact 
maize is suitable for the relay-cropping with sweet potato, 
which has the minimum influence on photosynthesis. The 
variation trend of Y(II) is consistent with that of Pn. 
Compared with the control (sweet potato monoculture), 
obvious change can be seen in fluorescence parameters 
concerning the PS II activity, such as Fv/Fm, Y(II), qP and 
NPQ under relay-cropping conditions (Table 4). The 
correlation of chlorophyll fluorescence parameters with fresh 
yield is higher than that of photosynthetic parameters (Table 
5). Furthermore, utilization of light energy in sweet potato can 
be better understood by fluorescence parameters under relay-
cropping system. 

Ci value does not decrease with Pn, which is similar to the 
relay-cropping system of rice (Zhang et al., 2005), in which Pn 
is inversely proportional to Ci. Moreover, Tr and Gs in the 
relay-cropping system show the same trends, which are all 
lower than those in the single cropping. For the same sweet 
potato cultivar, the more compact plant-type is associated with 
the lower values of Pn, Tr and Gs. Therefore, Ci in this 
condition is the main factor restricting sweet potato 
development. Shade plants have a significantly lower number 
of stomata per unit area than that of sun plants (Onwuemet 

and Johnston, 2000). As a result, its number of open stomata 
may be lower than plant under the full sunlight (monoculture), 
which results in lower Tr of sweet potato in the relay-cropping 
system than that in single cropping. Photosynthetic 
parameters suggest that ‘Yushu-2’ is more suitable over ‘Yushu-
6’ and ‘Nanshu-88’ for weak light situation. 

Light energy is absorbed by chlorophyll molecules. One of 
its three fates is to be re-emitted as light-chlorophyll 
fluorescence (Maxwell and Johnson, 2000). In the relay-
cropping system, all NPQ values in relay-cropping system are 
higher than those in single cropping. Shade-tolerant plants 
exhibit a higher proportion of sustained photo-inhibitory 
NPQ (Maxwell ad Johnson, 2000). Meanwhile, plants in the 
relay-cropping system have a lower value of qP, which indicates 
inactive PSII (Maxwell and Johnson, 2000). The opening 
degree of photosynthetic system II (PS II) of ‘Yushu-2’ (Yushu-
2) is higher than that of the other cultivars in relay-cropping 
system (qP value of A1B3 is the highest). But its thermal 
dissipation level (NPQ=0.862) is lower than that of other 
relay-cropping collocations. These results indicate fewer 
influences on Fv/Fm level for sweet potato under relay-
cropping conditions. But it decreases with expansion of plant-
type. Extended maize has great impact on Fv/Fm values, which 
may be due to the small intrinsic difference between cultivars. 
Reports regarding Fv/Fm in Ginkgo and Fagus (Sarijeva et al., 
2007) also display that it is greater in sun leaf than in shade leaf; 
moreover, Fv/Fm is also affected by water-deficit 
(Yooyongwech et al., 2013) and drought stress (Ogren, 1990). 
Well watering leads to higher Fv/Fm than water-deficit; as a 
result, we speculate that the potential quantum efficiency of 
PSII is negative in adverse situation. But it is not identical 
under different situations (Khan et al., 2000; Marchiol et al., 
1992; Ohashi et al., 2006). Although ETR of sweet potato is 
also affected by maize (which is 9-10% lower than that of single 
cropping of sweet potato), the differences among all treatments 
are not noteworthy (Table 4). This is similar with the effect of 
photon flux density on ETR in different tissues of tomato leaf 
(Hetherington et al., 1998). 

 
The key enzyme of photochemical reaction 
As has been stated, RuBisCO activity is decreased with Ci 

within limited temperature of 0 to 30 °C (Cen and Sage, 
2005). Sun is the direct source of crop light and heat. The more 
extended maize plant-type receives less light from the sun, 
which is also a reason for lower RuBisCO in extended maize 
than in compact maize, since low light can also reduce the 
activity of RuBisCO (Leegood, 2000; Portis, 2003). Sucrose is 
the primary form of photosynthate transport, and Sucrose-
phosphate synthase (SPS) is a primary regulator of the sSuc 
synthesis rate in leaves (Babb and Haigler, 2001; Huber and 
Huber, 1996). In fact, SPS also plays a key role in carbon 
partitioning (Worrell et al., 1991; Huber and Huber, 1992). 
Sucrose in cell is mainly associated with two fates (Lincoln et al., 
2015), which are to supply for the growth of parts like tuber, 
root and stem, and to be stored into carbohydrates (Starch et 
al.). It is possible that sweet potato in relay-cropping system 
distribute more sucrose to support plant growth (shoot and 
root dry matter ratio (S/R) of relay-cropping is 2.7; however, 
that of monoculture is 0.51 on the 70th day after sweet potato is 
planted), even though they have higher SPS activity than 
monoculture. Different sweet potato cultivars have the same 
behavior when relay-cropping with the same maize plant-type.  
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Further research plan 
It should be noted that this study mainly examines the 

parameters about photosynthesis, but not the genotype-
dependent difference. Furthermore, it lacks the comparison of 
interactions in underground part between root systems of 
sweet potato and maize. Therefore, this may be our next 
research emphasis. 
Conclusions 

Compact maize cultivar ‘Zhendan-958’ has smaller shading 
area, which is more suitable for relay-cropping with sweet 
potato ‘Yushu-2’. Relay-cropping can significantly affect NPQ 
and Y(II) of sweet potato compared with the monocultures; 
meanwhile, it can cause reduction in yield of sweet potato. 
Tuber yield of ‘Yushu-2’ in relay-cropping is not the highest, 
but it has the strongest shade-tolerance. The yield reduction 
rate of ‘Yushu-2’ caused by relay-cropping is the lowest among 
the three cultivars. Therefore, sweet potato cultivar that has low 
value of NPQ and high Y (II) should be chosen. The difference 
in shade-tolerance of sweet potatoes should be taken into 
consideration in practice. Particularly, the yield of sweet potato 
is almost the same as each other. Compact-type maize cultivar 
is more beneficial to composite production, which contributes 
to creating better light condition for the growth of sweet 
potatoes. 
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