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Abstract

This study was conducted to explore the changes in soil microbial populations, enzyme
activity, and tuber yield under the rotation sequences of Potato-Common vetch (P—C),
Potato—Black medic (P-B) and Potato—Longdong alfalfa (P—L) in a semi—arid area of China.
The study also determined the effects of continuous potato cropping (without legumes) on
the above mentioned soil properties and yield. The number of bacteria increased signifi-
cantly (p < 0.05) under P-B rotation by 78%, 85% and 83% in the 2, 4 and 7—year continu-
ous cropping soils, respectively compared to P—C rotation. The highest fungi/bacteria ratio
was found in P-C (0.218), followed by P—L (0.184) and then P-B (0.137) rotation over the
different cropping years. In the continuous potato cropping soils, the greatest fungi/bacteria
ratio was recorded in the 4—year (0.4067) and 7—year (0.4238) cropping soils and these
were significantly higher than 1—year (0.3041), 2—year (0.2545) and 3—year (0.3030) crop-
ping soils. Generally, actinomycetes numbers followed the trend P-L>P—-C>P-B. The P-L
rotation increased aerobic azotobacters in 2—year (by 26% and 18%) and 4—year (40% and
21%) continuous cropping soils compared to P-C and P-B rotation, respectively. Generally,
the highest urease and alkaline phosphate activity, respectively, were observed in P-C
(55.77mgg~") and (27.71 mg g "), followed by P-B (50.72 mgmg™') and (25.64 mgg™")
and then P—L (41.61 mg g™") and (23.26 mg g™ ") rotation. Soil urease, alkaline phosphatase
and hydrogen peroxidase activities decreased with increasing years of continuous potato
cropping. On average, the P-B rotation significantly increased (p <0.05) tuber yield by 19%
and 18%, compared to P-C and P-L rotation respectively. P—L rotation also increased
potato tuber yield compared to P-C, but the effect was lesser relative to P-B rotation. These
results suggest that adopting potato—legume rotation system has the potential to improve
soil biology environment, alleviate continuous cropping obstacle and increase potato tuber
yield in semi—arid region.
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Introduction

Potato (Solanum tuberosum L.) is one of the staple food crops in the world. In northern China,
potato has been the dominant crop, providing the main food source for the increasing human
population [1]. In recent years, the tuber yield and water use efficiency (WUE) of potato in the
semi-arid northwestern China has been greatly improved with the use of ridge-furrow and
film mulching technology [2, 3]. The continuous planting with increased yield has resulted to
important implications regarding tuber yield and quality [3-5]. Continuous potato cropping
has been reported to cause a decline in soil fertility. For instance, a 3-year continuous potato
cropping has been shown to decrease soil total nitrogen, phosphorus and potassium by 8%,
12%, and 9%, respectively compared to potato—maize rotation systems [5-8]. Also, continuous
potato cropping increases the aggravation of toxic effect in root secretion such as palmitic acid
and phthalic acid dibutyl, and also increases the pathogenic microbes (fusaria and Mortierella)
which suppress plant growth and development.

Soil microbial diversity is important to sustainable agriculture because microbes can medi-
ate many biochemical processes that support agricultural production. These processes include
recycling of plant nutrients, maintenance of soil structure and degradation of agro-chemicals
[9,10]. With increase in the years of continuous potato cropping, soil fungi harmful to root rhi-
zosphere can increase, while bacteria and actinomycetes beneficial to plant roots can decrease
significantly [11,12]. Consequently, the microbial population structure in soil becomes unbal-
anced with harmful microorganisms such as Fusaria and Mortierella, providing negative effect
on plant root growth [13]. Furthermore, soil enzymes play a very important role in material
cycle and energy conversion in the soil ecosystem [14]. Soil enzymes are important materials
for catalyzing biochemical reactions, and provide an important indicator for measuring move-
ment and strength of various soil biochemical processes [15]. However, enzyme activities can
be restricted with continuous cropping. For instance, the activities of alkaline phosphatase,
sucrase and urease were reduced with continuous potato cropping, which decreased potato
yield and quality [5, 8, 13]. Therefore, it is imperative to explore possible approaches with
which the obstacles associated with continuous potato cropping can be minimize and tuber
yield and quality of potato improved.

Many studies have shown that crop rotation can help reduce or overcome the above-men-
tioned problems [16, 17]. Scientific and reasonable rotation systems can minimize continuous
cropping obstacles, and the rotation of forage—crop has been shown to be an effective approach
to achieve this goal [18, 19]. In recent years, due to feeding need for off-season forages, forage-
crop rotation systems have developed rapidly in the northwest region of China [19]. Potato-legu-
minous forage rotation system has been shown to be of great significance for the improvement of
soil fertility and enhancement of crop production in the Loess Plateau where soil and water ero-
sion is severe [20]. Crop rotations with legumes can significantly increase the productivity of
farmland system [21], improve economic benefits [22], and lower environmental footprints [23].

Besides crop rotation, soil tillage and fertility can affect the composition, diversity and func-
tionality of soil microbial community, leading to changes of soil biochemical processes [24].
Furthermore, soil microorganisms play an essential role in the processes of organic matter
decomposition and nutrient cycling, and thus affect soil fertility [24, 25]. Long term crop rota-
tions with pastures can improve soil quality and contribute to a more sustainable use of soil
resources compared to monoculture [26-30]. Crop and pasture rotations would maintain soil
properties within acceptable limits and meet the goals of sustainable agriculture [29]. In the
present study, we hypothesize that the use of potato-legumes rotation can improve soil biolog-
ical properties and thus sustainably increase potato tuber yield to meet the increasing demand.
However, little is known about potato-legumes rotation on soil microbial communities and
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enzyme activities. The objective of this study was to determine the effect of potato-legume
rotation on soil microbial community characteristics, soil enzyme activities and tuber yield in
semi-arid environment.

Material and methods
Site description

The field experiment was conducted in 2012 and 2013, respectively at the Dingxi Experimental
Station (35°33'N, 104°35’E, elevation 1874 m a.s.1.) of Gansu Agricultural University. in
Northwestern China. The experimental site had adeep soil layer, high water-storage capacity,
wilting percentage at 7.3% and mid-level soil fertility. The aeolian soil is locally known as
Huangmian soil [31]. The soil has total organic C value in 0-30 cm soil layer of 8.19 g kg ™' and
readily oxidizable organic carbon content of 4.84 g kg'. The average annual precipitation
between 1970-2013 was 391 mm (Weather Bureau of Dingxi city, China). On average, about
54% of the annual rainfall occurs between July and September. Maximum daily temperature
can reach 38°C in July, while minimum temperatures usually drop to —22°C in January. The
annual average radiation is 5929 MJ m™2, and annual sunshine duration is 2477 hours.

Experimental design

The study consisted of potato-legume rotation and continuous potato cropping administered
in a randomized complete block design with three replicates. Experimental work of the
potato-legume rotation included the following treatments: Potato—Common vetch (P-C),
Potato-Black medic (P-B) and Potato-Longdong alfalfa (P-L). The continuous potato crop-
ping is made of five time scales of potato cropping: i.e., continuous potato cropping for 1-year
(CK1), 2-year (CK2), 3-year (CK3), 4-year (CK4) and 7-year (CK7). The three legumes used
in the potato-legume rotations [Common vetch (vicia sativa), Black medic (Medicago lupu-
lina) and Longdong alfalfa (Medicago sativa) are popular in the study area. Planting was done
in April each year and plot size was 3 m x 2 m. The continuous potato cropping phase of this
study ended in 2011 and the potato-legume rotation was introduced in 2012. Therefore the
three legumes were planted in 2012 with seeding rates of 120 kg ha™" for Vicia sativa, 45 kg ha
! for Medicago lupulina, and 30 kg ha™' for Medicago sativa and harvested in April 2013. After
harvesting the legumes, all plots were planted with potato tubers at the density of 45400 plants
ha™' and harvested in October 2013.The seeds of legumes were provided by the Key Labora-
tory of Grassland Ecological System of Ministry of Education (Gansu Agricultural University).

Measurements and methods

Soil samples collection. Soil microbial communities and enzyme activities were deter-
mined on two occasions, namely prior to planting the legumes in 2012 (continuous potato
cropping, (CK)) and at harvest of legumes. As such the soil samples in the continuous potato
cropping field were also collected prior to planting the legumes in April 2012. In the potato-
legume rotation, soil samples were collected at harvest of the legumes in April 2013. Soil augers
(6 cm diameter and 20 cm long) were used for soil sampling in the experiment. In each plot,
eight soil cores (“W” sampling method) were collected to a depth of 20 cm. The sampled soil
was divided into two parts; one part (fresh samples) was put into sterile ziplock bags after
removal of large plant material. The samples were then transferred to the laboratory for mea-
surement of soil microbial communities immediately. The other part of the sample was air-
dried, ground, sieved (mesh size 1x1 mm?) to remove root fragments and stored at room tem-
perature for determination of enzyme activities.
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Microbial community. Quantity of bacteria, actinomycetes, fungi, aerobic azotobacters
and anaerobic azotobacters were measured using the method described by [32] and [33].
Numbers of colony-forming units (CFU) (g~") of fresh soil were measured in duplicate using
serial dilutions of 10 g dry soil with distilled water. At each dilution, some samples were
applied to Stephenson culture medium incubated at 26°C for 14 days to assess nitrifying bacte-
ria. For denitrifying bacteria, the culture medium was peptone with agar in test tubes that were
incubated at 25°C for 14 days [34-36].

Soil enzyme activity. Hydrogen peroxidase activity was determined using KMnO, titra-
tion method; urease activity was measured using phenol sodium hypochlorite colorimetric
method; and phosphatase activity was measured using disodium phenyl phosphate colorimet-
ric method [37].

Tuber yield. The tuber yield per hectare (kg ha™) was obtained by determining the tuber
yield of each plot in each year at harvest. The tuber yield in the continuous potato cropping
fields (CK) was determined in October 2011 and that of potato-legume rotation was deter-
mined in October, 2013.

Data analyses

Data were analyzed using the mixed effect of the SPSS statistical analysis software (SPSS soft-
ware, 17.0, SPSS Inst. Ltd., USA) with the rotation treatment as the fixed effect and replicate as
random effect. Means comparison based on Duncan’s multiple range test (p<0.05). Due to sig-
nificant year by treatment interactions for most of the variables evaluated in the study, the
treatment effect was assessed separately for each year.

Results
Soil microbial communities

Continuous cropping effects on bacteria, fungi and actinomycetes. The effect of contin-
uous potato cropping on bacteria, fungi and actinomycetes are presented in Table 1. Bacterial
numbers (BNs) were significantly increased (p <0.05) by 124% and 86% in the 2 and 3-year
continuous potato cropping fields respectively compared to the 1-year continuous potato
cropping field. The maximum fungi numbers (FNs) were observed in the 4 and 7-year contin-
uous cropping fields; it was, respectively, 87% and 48% more compared to the 1-year continu-
ous cropping soils. Actinomycetes numbers (ANs) were significantly higher in the 3 and
4-year continuous cropping soils compared to the 1 and 7-year continuous cropping soils.
Fungi numbers showed an increasing trend with increased in continuous cropping years,
whiles bacteria numbers decreased in the 4 and 7-year continuous cropping fields. Actinomy-
cetes numbers presented an increasing trend with an increase in continuous cropping years,
except in the 7- year continuous cropping soils (Table 1).

Table 1. Soil microorganisms under continuous potato cropping.

Years of continuous cropping Bacteria (x10° CFU/g) Fungi (x10° CFU /g) Actinomycetes (10° CFU /g)
CK1 31.9c 9.7b 11c

CK2 71.5a 10.2b 8.2b

CK3 59.4b 13.0ab 14.9a

CK4 35.4¢c 14.4 ab 12.5ab

CK7 42.7 ¢ 18.1a 59c¢c

Note: Different letters in the same column meant significant difference among treatments at p <0.05. CK1, CK2, CK3, CK4 and CK7 represent the values of
1-4 and 7 year continuous potato cropping soil.

https://doi.org/10.1371/journal.pone.0175934.t001
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Crop rotation effects on bacteria, fungi and actinomycetes. Potato-legumes rotation
had significant effect (p <0.05) on bacteria, fungi and actinomycetes numbers (ANs) depend-
ing on treatment (Table 2). The number of bacteria had a consistent increase under P-B and
to a lesser extent under P-L rotation. Bacteria numbers (BNs) were increased under P-B rota-
tion by 78%, 85% and 83% in the 2, 4 and 7-year continuous cropping plots, respectively com-
pared to P-C rotation. The P-L rotation had the highest fungi numbers (FNs) in the 1 and
2-year continuous cropping plots, whiles P-C rotation had the highest BNs in the 3 and
7-year continuous cropping plots. The fungi numbers recorded an increasing trend under
P-B relative to the 1-year continuous cropping plots. On the contrary, the trend of FNs under
P-C and P-L were not consistent. With exception of the 1-year continuous cropping plots, P-
C rotation produced significantly lower actinomycetes numbers (ANs) compared to P-L rota-
tion and to a lesser extent relative to P-B rotation (Table 2).

Continuous cropping effects on fungi/ bacteria ratio. Continuous cropping had signifi-
cant effect (p <0.05) on fungi/bacteria ratio (Fig 1). The results showed an initial decrease in
F: B ratio in the 2 and 3-year continuous cropping soils compared to the 1-year continuous
cropping soils. However, the F: B ratio increased in subsequent years (4 and 7-year continuous
cropping soils). The greatest F: B ratio was recorded in the 4 and 7-year continuous cropping
soils and was significantly higher than that of 1-3 years continuous cropping soils.

Crop rotation effects on fungi/bacteria ratio. The trend of fungi/ bacteria ratio under
various crop rotation systems was not consistent in all the years of this study (Fig 2). The P-B
rotation had least F: B ratio in 1-year (0.099) and 3-year (0.161) continuous cropping soils,
which were significantly lower than P-C (0.261 and 0.238) and P-L (0.286 and 0.218), respec-
tively. The P-L rotation had the greatest F: B ratio of 0.204 and this was higher than P-C

Table 2. Soil microorganisms under potato-legume rotation systems.

Years of continuous cropping Crop rotation Bacteria (x10° CFU /g) Fungi (x10° CFU /g) Actinomycetes (10° CFU /g)
One

P—C 144.4 a 37.5a 49.7a

P-B 128.1 ab 12.7b 15.7b

P-L 124.4b 38.7a 27.5b
Two

P-C 115.5b 8.1b 26.3b

P-B 205.7a 17.0a 48.2a

P—-L 120.3b 245a 48.1a
Three

P-C 107.1a 453 a 31.7b

P-B 139.8a 22.5b 15.0¢

P-L 130.1a 28.3b 51.9a
Four

P—C 119.3b 26.0b 14.6b

P-B 221.2a 43.0a 17.6 ab

P-L 180.2 ab 35.1a 20.4a
Seven

P-C 122.0b 64.4a 4.2b

P-B 223.1a 33.2b 5.7b

P-L 221.0a 44c 20.1a

Note: Different letters in the column meant significant difference among treatments at p <0.05. P-C, P-B and P-L refer to Potato—-Common vetch, Potato—
Black medic and Potato—Longdong alfalfa, respectively.

https://doi.org/10.1371/journal.pone.0175934.t1002
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Fig 1. Effect of continous potato cropping on soil Fungi/bacteria ratio. Different letters denote
statistically different values at p<0.05. Error bars represent the SE. Mean values + SE (n = 3), and means
comparison based on Duncan’s multiple range test (p<0.05).
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(0.0701) and P-B (0.0826) in the 2-year continuous cropping soils. Overall, the highest F: B
ratio was found in P-C (0.218), followed by P-L (0.184) and then P-B (0.137).

Continuous cropping effects on azotobacters and nitrifying and denitrifying bacte-
ria’s. Aerobic azotobacter increased with extension in potato continuous cropping years,
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Fig 2. Effect of potato—legume rotation on soil Fungi/bacteria ratio. Different letters denote statistically
different values at p<0.05. Error bars represent the SE. Mean values + SE (n = 3), and means comparison
based on Duncan’s multiple range test (p<0.05).

https://doi.org/10.1371/journal.pone.0175934.9002
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Table 3. Azotobacter and nitrifying and denitrifying bacteria’s under continuous potato cropping.

Years of continuous Aerobic azotobacter (AA) (10* | Anaerobic azotobacter (ANA) Nitrifying bacteria (10° | Denitrifying bacteria(10°

cropping CFU /g) (10* CFU /g) CFU /g) CFU /g)
CK1 25.48¢c 11.53a 0.51b 1.09 ab
CK2 5.27d 2.93b 0.37 bc 1.76 a
CK3 87.23a 3.43b 0.83a 1.61a
CK4 62.23 b 3.50b 0.82a 0.82b
CK7 30.54c¢c 2.78b 0.33¢c 0.44c

Note: Different letters in the same column meant significant difference among treatments at p <0.05. CK1, CK2, CK3, CK4 and CK7 represent the values of
1-4 and 7 year continuous potato cropping soil.

https://doi.org/10.1371/journal.pone.0175934.t003

except in the 2- year continuous plots (Table 3). In contrast, the quantity of anaerobic azoto-
bacter reduced with the extension of potato continuous cropping years. The highest aerobic
azotobacter was observed in the 3-year (87.23 10* CFU /g), which was significantly higher
than the other years of continuous cropping by 505% on average. Response of both nitrifying
and denitrifying bacteria to continuous potato cropping was not consistent (Table 3). In com-
parison to the 1-year continuous cropping soils, nitrifying bacteria (NB) declined in the 2 and
7-year continuous cropping soils, and denitrifying bacteria (DB) decreased in the 4 and
7-year continuous cropping soils (Table 3). The highest nitrifying bacteria was found in the
3—year fields; it significantly increased by 63%, 124% and 152% compared to 1, 2 and 7-year
cropping soils, respectively. Denitrifying bacteria was significantly higher (p <0.05) in the
2-year continuous cropping soils compared to 4 and 7-year continuous cropping soils.

Crop rotation effects on azotobacters and nitrifying and denitrifying bacteria’s. The
effect of potato-legume rotation on aerobic and anaerobic azotobacter, nitrifying and denitri-
fying bacteria was significant (p <0.05) depending on treatment and cropping year (Table 4).
The treatment effect on azotobacter, bacteria and the trend of change in response to cropping
years were not consistent. The P-L rotation increased aerobic azotobacter by 26% and 18% in
the 2—year and 40% and 21% in the 4-year continuous cropping soils compared to P-C and
P-B rotations, respectively. The P-B had the highest aerobic azotobacter in the 2—year contin-
uous cropping soils; an increase of 17% was observed compared to P-L rotation. Under P-B
rotation, the anaerobic azotobacter had a significant increase of 66%, 92% and 217% on aver-
age in the 1, 2 and 4-year continuous cropping soils, respectively compared to P-C and P-L
rotations. The nitrifying bacteria under P-B and to a lesser extent under P-C were signifi-
cantly lower than that of P-L in the 1-4 year continuous cropping soils compared to P-L. But
the P-B rotation had the highest anaerobic bacteria in 1, 2, 4 and 7- year continuous cropping
soils compared to the other crop rotation systems (Table 4).

Soil enzyme activity

Continuous cropping effects on soil enzyme activity. Soil urease, alkaline phosphatase
and hydrogen peroxidase activities decreased gradually with increased years under continuous
potato cropping (Table 5). The lowest Urease, alkaline phosphate and hydrogen peroxidase
activities occurred in 2 and 7-year continuous potato cropping soils.

Crop rotation effects on soil enzyme activity. Soil urease, hydrogen peroxidase and alka-
line phosphatase activities were significantly increased in the 2-year cropping soils under the
potato-legume rotation (Table 6). The rotation systems had significant effect (p <0.05) on soil
urease, alkaline phosphate and hydrogen peroxidase activities depending on rotation and
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Table 4. Azotobacter and nitrifying and denitrifying bacteria’s under potato-legume rotation systems.

Years of continuous | Crop Aerobic azotobacter (AA) | Anaerobic azotobacter (ANA) | Nitrifying bacteria Denitrifying bacteria
cropping rotation (10* CFU /g) (10% CFU /g) (10° CFU /g) (10° CFU /g)
One

P-C 77.46Db 11.99b 0.85a 18.95b

P-B 83.11b 25.44 a 0.51b 57.24a

P-L 97.75a 18.72b 0.87a 56.15a
Two

P-C 106.59 a 18.24b 3.04b 17.02b

P-B 106.79 a 31.17a 2.93b 37.40a

P-L 91.76 b 14.28b 4.28a 4.89¢
Three

P-C 69.52 a 24.07 a 1.71b 35.36 b

P-B 53.36 b 14.74b 1.30b 13.64c

P-L 63.66 ab 23.58a 241a 53.33a
Four

P-C 91.48b 23.63b 1.65b 23.63a

P-B 106.07 b 55.29 a 1.35b 24.57 a

P-L 128.01a 11.24c 2.37a 18.93b
Seven

P-C 83.15a 18.80a 3.76a 19.22b

P-B 54.25b 11.58b 1.34b 30.36 a

P-L 60.78 b 15.43b 1.81b 11.55¢

Note: Different letters in the column meant significant difference among treatments at p <0.05. P-C, P-B and P—L refer to Potato-Common vetch, Potato—-

Black medic and Potato—Longdong alfalfa, respectively.

https://doi.org/10.1371/journal.pone.0175934.t1004

cropping year. The P-C rotation system had a better effect increasing soil urease activities,
whiles P-B rotation systems had significant increase on alkaline phosphatase and hydrogen

peroxidase activities.

Tuber yield of potato

Continuous cropping effects on tuber yield. The result on effect of continuous cropping
on potato tuber yield is presented in Fig 3. The result was clear that, the tuber yield reduced
with increased cropping years. The potato tuber yield had a significant decrease of 27%, 75%

and 85% in the 2, 3 and 4-year continuous cropping soils, respectively compared to the 1-year
cropping soils. Moreover, the tuber yield in the 2-year cropping soils was 21373 kg ha™',
which was significantly greater by 62% (13220 kg ha™"), 45% (14706 kg ha™') and 37% (15553
kg ha™') compared to 4, 4 nd 7 years, respectively. However, no significant differences (p
<0.05) were observed in tuber yield between 3-7 years continuous cropping plots (Fig 3).

Crop rotation effects on tuber yield. Overall, there were significant differences (p <0.05)
in potato tuber yield depending on the treatment (Fig 4). The tuber yield under P-B rotation
was significantly increased (p <0.05) in the 2-year (by 19% and 24%), 3-year (by 22% and
12%) and the 4-year (by 15% and 17%) continuous cropping soils compared to P-C and P-L
rotations, respectively. In addition, P-L rotation also increased potato tuber yield by 10% com-
pared to P-C rotation. However, no significant difference was found between treatments in
the 1 and 7-year continuous cropping soils, but P-B rotation exhibited non-significantly
higher tuber yield compared to the other potato-legume rotations.
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Table 5. Soil enzyme activity under continuous potato cropping.

Years of continuous cropping Urease Alkaline phosphatase Hydrogen peroxidase (ml g~*)
(mgg™) (mgg™)

CK1 18.12a 18.99 a 17.95a

CK2 15.05a 8.19b 14.13 ab

CK3 5.87¢ 3.45¢ 12.20b

CK4 9.06 b 5.09b 7.06 ¢

CK7 8.31b 3.23¢ 5.66 ¢

Note: Different letters in the same column meant significant difference among treatments at p <0.05. CK1, CK2, CK3, CK4 and CK?7 represent the values of
1-4 and 7—year continuous potato cropping soil

https://doi.org/10.1371/journal.pone.0175934.t1005

The correlation between soil microbial and enzyme activity

Results of the present study indicated significant positive correlations between BN and AA,
NB (p<0.05), ANA, UR, AP (p<0.01), FN and AA, ANA, and AP (p<0.05) (Table 7). Signifi-
cant positive correlations was observed between AN, NB, and UR (p<0.05). Also, significant
positive correlations was found between UR and HP, and AP (p<0.01). Moreover, there were
positive effects of BN, AA, NB, AP and HP (p<0.05) on potato tuber yield, while a negative
correlation was observed between Y and FN (p<0.05).

Table 6. Soil enzyme activity under different potato—legume rotation systems.

Years of continuous cropping Crop rotation Urease Alkaline phosphatase Hydrogen peroxidase
(mgg™) (mgg™) (mig™)

one

P-C 73.33a 37.78 a 19.57b

P-B 71.61a 21.79b 25.19a

P-L 44.30b 33.90a 13.78b
Two

P-C 77.56 a 21.30a 22.88a

P-B 73.27 a 25.33a 19.19b

P-L 42.07 c 18.62b 17.82b
Three

P-C 39.48 a 18.80 a 14.76 a

P-B 20.58c¢c 20.17 a 15.03a

P-L 43.41a 17.17b 14.52a
Four

P-C 51.60a 32.70 a 12.00b

P-B 34.32b 23.67b 19.53a

P-L 38.87b 21.67b 14.55b
Seven

P-C 36.88b 27.98b 11.87 a

P-B 53.81a 37.23a 9.22b

P-L 39.41b 24.96b 10.39b

Note: Different letters in the column meant significant difference among treatments at p <0.05. P-C, P-B and P—L refer to Potato—-Common vetch, Potato—
Black medic and Potato—Longdong alfalfa, respectively.

https://doi.org/10.1371/journal.pone.0175934.t1006
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Discussion

Soil microorganisms are important components of the terrestrial ecosystems and their quanti-
ties can reflect not only the degree of energy metabolism, but also soil fertility status [38].
However, the change in soil microbial community is regarded one of the main factors of con-
tinuous cropping obstacle [39]. In our experiment, with the extension of potato continuous

36000
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Fig 4. Effect of potato-legume rotation on potato tuber yield (kg ha™). Different letters denote
statistically different values at p<0.05. Error bars represent the SE. Mean values + SE (n = 3), and means
comparison based on Duncan’s multiple range test (p<0.05).

https://doi.org/10.1371/journal.pone.0175934.g004

PLOS ONE | https://doi.org/10.1371/journal.pone.0175934 May 2, 2017 10/16


https://doi.org/10.1371/journal.pone.0175934.g003
https://doi.org/10.1371/journal.pone.0175934.g004
https://doi.org/10.1371/journal.pone.0175934

@° PLOS | ONE

Soil microbial community and potato tuber under rotation

Table 7. Correlation coefficient between soil microbial and enzyme activity.

BN
FN
AN
AA
ANA
NB
DB
UR
AP
HP
Y

BN

]

0.28
0.3
0.48*
0.58%**
0.44*
0.35
0.56**
0.66**
0.22
0.50*

FN AN

1

0.09 1
0.43* 0.42
0.49* 0.27
0.32 0.55*
0.32 0.40
0.12 0.53*
0.46* 0.23
-0.07 0.40
—-0.49* 0.39

AA ANA NB DB UR AP HP Y
1

0.50* 1

0.53* 0.25 1

0.38 0.54* 0.07 1

0.53* 0.44* 0.38 0.61** 1

0.38 0.41 0.23 0.51* 0.71** 1

0.39 0.51* 0.19 0.37 0.64** 0.28 1

0.45* 0.41 0.46* 0.21 0.39 0.48* 0.44* 1

BN, Bacteria (10° CFU /g), FN, Fungi (10% CFU /g), AN, Actinomycetes (10% CFU /g), AA, Aerobic azotobacter (102 CFU /g), ANA, Anaerobic azotobacter
(10* CFU /g), NB, Nitrifying bacteria (10° CFU /g), DB, Denitrifying bacteria (102 CFU /g), UR, Urease (mg g~'), AP, Alkaline phosphatase (mg g~'), HP,
Hydrogen peroxidase (ml g™"), Y, Tuber yield (Kg/ha).

* and **: statistically significant at P < 0.05 and P < 0.01, respectively.

https://doi.org/10.1371/journal.pone.0175934.t007

cropping years, soil fungi numbers gradually increased, whereas, soil bacterial quantity and
Actinomycetes numbers decreased (above 2-3 years of continuous cropping) (Table 1). The
findings reported here agrees with Ma et al. [40] and Ma et al. [4], who reported that soil
microflora was significantly shifted from bacteria type to fungi type with continuous cropping.

Reasonable rotation system is an important basis for preventing continuous cropping
obstacles and improving crop production [19]. As reported in previous research, subsequent
cereal yields usually increases in legume-cereal rotations [41] due to the increased availability
of mineral nitrogen provided by mineralization of legume residues [42], as well as the im-
provement of soil biological properties and availability of nutrients [43]. In this experiment,
potato tuber yield significantly increased in the rotation system of potato-legumes—potato, but
the effects of the rotation on potato tuber yield were different in continuous cropping field
across years. The tuber yield was higher under the P-B rotation system. These results agree
with previous report by Trabelsi et al. [22], who found that crop rotation with legumes can sig-
nificantly increase the productivity of the non-leguminous crops, and also increase both eco-
nomic and environmental benefits. In addition, another research [5, 8] reported that legume
rotation induced cereal growth and yield increases seemed to depend on the ability of the
legume to suppress nematodes and to enhance early N and P availability for the subsequent
cereal. At the same time, rhizosphere studies showed that the effects on soil pH and acid phos-
phatase activity were secondary causes for the observed growth difference between rotated
cereals and continuous cereals [21, 44].

Soil microbial floras were shifted from fungi type to bacteria type by rotation of Common
vetch and Medicago lupulina for 1 and 2-year continuous cropping, but fungi numbers did
not increase by rotation of Longdong alfalfa at the same continuous cropping years. The ame-
lioration was significant by rotation of Medicago lupulina and Longdong alfalfa for potato soil
in 3 and 7-year continuous cropping and the improvement effect of Medicago lupulina was
the best. For 4—year continuous cropping field, soil microbial floras were also shifted to bacte-
ria type by rotation of these three legumes. However, the actinomycetes mycelium decreased
for up to 4-year continuous cropping field by rotation of three legumes (Table 1). Therefore,
crops grown under continuous cropping soil had similar rhizosphere microbial across crop
species, whereas microbial communities from the rotation soil showed greater variability,
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species diversity and clustered with respect to plant species [41, 45]. A similar conclusion was
also drawn by Shirokikh et al. [46] in the rhizosphere of winter rye, oats, and red clover.

Microbial physiological group of nitrogen play an important role in nitrogen transforma-
tion in soil, including aerobic azotobacter, anaerobic azotobacter, nitrifying bacteria, denitrify-
ing bacteria and ammonifying bacteria [47]. In recent years, the physiological functional
group of soil microbes is a concern to many researchers. A positive effect for soil microbial
community was observed under scientific and reasonable soil management practices, such as
increased functional diversity of microbial communities [48-50].

After rotation with legumes, there was difference in physiological groups of microorgan-
isms in potato continuous cropping soil. The aerobic azotobacters of 1 and 2-year potato con-
tinuous cropping soil have a very sensitive response to legumes and its number increases
greatly by rotation of legumes compared with the continuous cropping soil. However, similar
results were not observed in 3—year continuous potato cropping soil. Soil anaerobic nitrogen-
fixing bacteria were significantly improved in all potato continuous cropping fields by rotation
with Medicago lupulina and Common vetch. Ammonification can produce ammonia in the
soil, which can be converted to nitrate by nitrifying bacteria. Denitrifying bacteria usually par-
ticipate in the revivification of nitrate in the soil. The existence and activities of nitrifying and
denitrifying bacteria in the soil play an important role in soil fertility and plant nutrition [51].
Our research results also indicated that nitrifying and denitrifying bacteria were increased
under the potato-legume rotation. Therefore, all microbial in continuous cropping soil were
increased by the rotation of legumes, and the variation in increment rates were high. For
instance, after rotation, the increment of aerobic azotobacter was much higher than that of
anaerobic azotobacter. Also, the fungi quantity were not increased as compare to bacteria, so
the F:B ratio decreased in the rotation soil. This may be interpreted that both the content of
nitrate nitrogen and ammonium nitrogen and their exchange rate were increased in rotation
soil [52, 53].

Soil enzymes have a close relation with soil microorganisms and its biodiversity, both of
which can drive soil biological metabolic processes [54]. The results indicated that soil urease
and hydrogen peroxidase activities were greatly improved after rotation of legumes, and alka-
line phosphatase activities also increased with the 2-year continuous cropping by the rotation
of legumes. Soil enzyme activity has a close relation with soil pH [55]. Previous studies indi-
cated that there was a higher soil pH (mean 8.17) in potato continuous cropping soil compared
to non-continuous cropping soil [7]. However, a lower soil pH was observed in legumes soil
due to the higher concentration of organic acids (citric acid and fumaric acid) from legumes.
A higher activity of soil urease, hydrogen peroxidase and alkaline phosphatase under pH
of 7.3-7.5 has been reported [55]. Enzyme activity in long-term continuous cropping soil
declined gradually even though the legume crops were rotated. This may be because soil pH
was increased with the years of continuous cropping, and the remediation ability of legumes
was gradually decreased [7, 55].

Current study indicated a significant positive correlation between BN and AA, NB
(p<0.05), ANA, UR, AP (p<0.01), FN and AA, ANA, AP (p<0.05). These findings showed
that fungi and bacteria are the major soil microorganisms responsible for N cycling processes
[56]. Crenshaw et al. [57] reported that fungal rather than bacterial pathways dominate the N
transformation in soils. Seo and Delaune [56] also reported that fungi could also be responsible
for both nitrification and denitrification processes and dominate the microbial biomass in
soils. The higher numbers of AA, ANA and NB observed in the present study are consistent
with greater requirements for NO; =N [58, 59]. Therefore, soil biochemical substances were
altered by the rotation of legumes because soil chemical properties (such as soil pH and salin-
ity) were changed.
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Soil microbial communities increased significantly after rotation with legumes. Number of
bacteria and fungi/bacteria ratio was greatly improved by rotation of potato-Longdong alfalfa
and potato-Black medic. Thus, obstacles to sustainable production of potato in the semi-arid
region of Northwestern China due to continuous cropping can be reduced by adopting
potato-legume rotation cropping.
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