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INTRODUCTION

Irrigated cropping offers a dual challenge of producing high value crops while maintaining soil
quality. Common irrigated crops (e.g. potatoes, beans, sugar beets) produce little crop residue
for return to the soil and tight rotations may have long-term detrimental effects on our soil
resource in terms of diminished soil quality and increased erosion risk.

An irrigated rotation study was initiated in 2000 to examine the impact of conventional and
sustainable rotations for potatoes, sugar beets, beans, soft wheat and timothy. The merits of
each of six rotations are judged using data on crop yield and quality, weed, insect, and disease
pressures and soil quality.

Our objectives were to devise crop sequences and tillage management systems for irrigated
land that: (1) optimize crop response; (2) reduce soil erosion, enhance soil quality and promote
long-term sustainability; and (3) minimize weed, insect and disease pressures.

EXPERIMENTAL TREATMENTS
Crop rotations (Table 1) were established in spring 2000 at the Vauxhall Sub-station of
Agriculture and Agri-Food Canada. The 2010 growing season represented the 11" growing
season of this study and, and as such completed two full cycles of the 5-yr rotations. Each
phase of each rotation was represented resulting in 26 treatments. These were replicated four
times to give 104 plots. The plot dimensions were 10 x 18.3 m with a 2.1 m interplot area
between each plot.
The sustainable rotations are built around four specific management practices:
(1) direct seeding or reduced tillage where possible
(2) fall-seeded cover crops where possible
(3) composted cattle manure as a substitute for inorganic fertilizer
(4) straight cutting of solid seeded rather than undercutting of wide-row seeded beans
Table 2 gives an outline of the cropping history of each of the 26 rotation phases.

WEATHER CONDITIONS, 2011

The 2011 growing season (April 1- Sept. 30) precipitation was right on the 30-yr (1981-2010)
normal of 265 mm. June precipitation was 146% of normal (115 vs. 78 mm) which led to
flooding of some plots. Seeding dates were as follows: Wide-row beans, May 14; Narrow-row
beans, May 18; Potatoes, May 17; Sugar beets, May 17 and Wheat, May 16.

Harvest dates were as follows: beans, September 22, potatoes, September 16; sugar beet,
September 20 and wheat, September 14, 2012.

CROP PERFORMANCE, 2011

Bean Yields

Bean yields in 2011 were highest in the 12 years of the study. There was a significant rotation
effect on bean yield with the 4-yr conventional rotation yielding significantly lower than all others
except the 3-yr conventional rotation (Table 1). There were significant differences between
rotations for the agronomic characters such as plant stand, maturity and Sclerotinia (Table 2).
Plant height and bacterial blight incidence were not significantly affected by rotation (Table 2).
Sustainable rotations averaged significantly higher yields than conventional (3886 vs. 2791
kg/ha, Table 3). However, plant stand was lower with sustainable and maturity was faster (Table
3). Sclerotinia incidence was significantly higher on sustainable narrow-row rotations than
conventional wide row (8.5 vs. 1.6%, Table 3). All contrasts for previous crops (after potatoes
vs. after sugar beet) were non-significant for beans in 2011 (Table 4).



Potato Yields

In 2011, potatoes (Russet Burbank) were grown on 24 plots (6 rotations x 4 replicates). There
were significant differences in yield between the 6 potato rotation treatments in 2011 (Table 5).
Yields on the longer 5 and 6 yr sustainable rotations were significantly higher than the 4-yr
conventional rotation (Table 5). For potato agronomic parameters, significant rotation effects
were found for date to emergence, vigour and total yield, but not stand count, marketable yield,
oversize yield , undersize yield, marketable yield/plant and oversize yield/plant (Table 6). For
quality and disease characteristics, there was no rotation effect on marketable deformities or
oversize deformities (Table 7). However, hollow heart and specific gravity were affected by
rotation (Table 7).

All conventional vs. sustainable contrasts for potatoes were non-significant except for
marketable yield (sustainable significantly higher than conventional, Table 8). Only two
parameters were significant in previous crops contrasts (after wheat vs. after beans, Table 9).
Vigour was higher after beans while hollow heart was higher after wheat.

Sugar Beet Yields

Each plot was approximately 33 ft wide and 60 ft long, with 7-ft borders between plots within the
replication and 60-ft borders between each of the four replications. Exact measurements were
conducted on each individual plot. The experiment was conducted as a randomized complete
block design. Table 10 details experimental and cultural methods for the sugar beet plots.
Individual sugar beet plots were 18 rows wide, and were planted to a final stand. Commercial
sugar beet seed (variety BTS 47RR65) was used to plant the sugar beet plots in 2011. This was
the third year that a Roundup Ready® variety was planted in this rotation trial, as well as being
the third year Roundup Ready® sugar beets were planted commercially in Alberta.

At harvest, the centre 14 rows of each plot were harvested for yield, as measured with a weigh
scale on the harvester. The outside two rows on each edge of the plot were not included in the
data due to border effects. From each plot, three two-row samples were collected for quality and
tare dirt analysis. The selection of the quality rows varied from plot to plot to avoid rows with
crop damage, typically occurring on the centre rows from the side roll irrigation system. All sub-
sampled beets were washed, weighed and passed through a multi-saw rasp to provide brei for
immediate determination of sugar, amino-nitrogen, sodium and potassium. Individual quality
analyses from each plot were averaged together to provide one overall quality dataset per plot.

Results from the 2011 rotation experiment are found in Tables 11 and 12. The vast majority of
the 2011 Alberta commercial harvest occurred in October, so a comparison between the
Vauxhall research station plots harvested in September and commercial yield and quality is
somewhat irrelevant. Because of the earlier harvest date for the Vauxhall station research plots,
yield and quality was somewhat lower than commercial fields in the area.

Significant treatment differences occurred in beet yield (Table 11). Beet yield for the 6-year
treatment (after timothy) was significantly lower than 4-year sustainable and 5-year treatments.
Beet yield for the 4-year conventional treatment was significantly lower than the 4-year
sustainable treatment. It is noted that spring waterlogged soil in the 6-year treatment in
replication 4 likely was a factor in reducing the average yield of this treatment in 2011. Average
yields in 2011 were higher than in the 2010 rotation trial; however, the trend of the 4-year
sustainable and 5-year treatments being higher in yield than the 4-year conventional and 6-year
treatments were similar between years. There were no significant yield or quality differences
between replications in this 2011 trial. Amino nitrogen, sodium and potassium levels were not
significantly different between treatments or between replications (Table 12).
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Beet yield for the 2011 research station plots at Vauxhall were 21% higher than the 2010 plots
primarily because the 2011 plots had an extra 15 growing days and summer temperatures were
warmer. Plant stand in 2011 was within the target range of 125 to 150 beets per 100 feet of row.
In 2001 significant treatment differences occurred in extractable sugar per tonne and sugar (%).
No differences were observed in 2002 to 2008 among treatments for any of the measured
parameters. Extractable sugar per acre was significantly different between treatments in 2009
and 2010. Significant treatment differences in root yield were observed in 2009, 2010 and 2011.

Wheat Yields

The soft white spring wheat variety AC Andrew was planted in 2011. The continuous wheat
rotation (12 years duration in 2011) had significantly (P = 0.05) lower yield than the other
rotations (Table 13). Wheat grown on the 3-5 yr rotations yielded on average 56% higher than
continuous wheat. However, wheat grown in all other rotations varied from 6.54 to 6.73 Mg/ha, a
difference of only 3% (Table 13). Wheat maturity, plant stand and take-all rating were
significantly affected by rotation (Table 14) but plant height and test weight were not. Take-all
rating was significantly higher on continuous wheat.

Protein content was highest on the 5-yr sustainable rotation (10.23%), being significantly higher
than the 3-yr conventional rotation (9.33% [Table 15]. Grain hardness (NIRI), sedimentation, P
and K concentration were unaffected by rotation (Table 15). However, hardness (PSl), Ca and S
concentration were affected significantly by rotation.

Conventional vs. sustainable practices were non-significant for all wheat parameters except S
concentration where sustainable (0.115%) was higher than conventional (0.108%, Table 16).
The preceding crop contrasts (after beans vs. after potatoes) were non-significant for all wheat
parameters (Table 17).

SOIL PROPERTIES, 2011

Soil Organic Carbon

Soil organic carbon measured in fall 2011, showed that levels were significantly higher in the 5-
yr sustainable rotation (36.9 Mg/ha, 0-15 cm) than in the 3-yr (26.8 Mg/ha) and 4-yr
conventional) 24.6 Mg/ha) rotations (Table 18). Fig. 1 shows the trends in soil organic C levels
over time since baseline samples were taken in fall 1999. Substantial increases are seen in the
sustainable rotations, especially the 5-yr), whereas conventional rotations initially declined and
then levelled off. Continuous wheat stayed more or less flat over the 12 yr and therefore acts as
a good benchmark.

Soil Microbiological Parameters

Microorganisms are sensitive to soil disturbance and carbon additions in the form of compost,
cover crop residues and are therefore good indicators of soil quality changes. B-glucosidase is
important in the soil C cycle because of its role in degrading cellulose, the most prevalent
polysaccharide in soil and its activity is another indicator of biological soil quality. Because it
catalyzes the decomposition of cellobiose is B-glucosidase sensitive to inputs of cellulose in the
form of compost or cover crop biomass. Wheat and oat plots were sampled for micribiological
measurements on July 28, 2011.

For non-rhizosphere (bulk) soil, rotation had a significant effect on microbial biomass carbon
(MBC), Shannon index and B-glucosidase activity (Table 19). The 5-yr sustainable phase 2
(wheat after sugar beet) had the highest MBC (623 mg/kg soil) which was significantly higher
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than the continuous wheat (477 mg/kg soil), 3-yr (372 mg/kg soil) and 4-yr (435 mg/kg soil)
conventional wheat and 5 yr sustainable phase 1 (wheat after potatoes) [424 mg/kg soil]. The
Shannon index was significantly lower on the two 4 yr rotations (1.76-1.77) than on all other
rotations (2.21-2.54) [Table 18]. For rhizosphere soil (adhering to wheat roots) rotational effects
were less distinct with MBC and Shannon index being non-significant (Table 20). However, $3-
glucosidase activity showed a rotational effect for rhizosphere soil, showing it is a more
sensitive indicator of rotational management than either MBC or Shannon index Activity on the
4-yr conventional rotation was significantly lower (94 mg nitrophenol/kg soil/hr) than all others
(152-243 mg nitrophenol/kg soil/hr), while the 3 yr conventional rotation was significantly lower
than all others except continuous wheat.

For conventional vs. sustainable rotation contrasts, all six parameters compared (MBC,
Shannon index, and B-glucosidase activity for both non-rhizosphere and rhizosphere soil)
showed significantly higher values for sustainable vs. conventional rotations (Table 21). MBC on
sustainable rotations was 26% higher for non-rhizoshphere and 22% higher for rhizosphere than
conventional rotations. Shannon index was 15-17% higher on sustainable rotations while -
glucosidase activity was ~2 times higher on sustainable rotations.

For the previous crop contrasts only Shannon index on the non-rhizosphere soil showed a
significant effect, being significantly lower on wheat following potatoes (2.01) than beans (2.38)
[Table 22].

Summary

2011 marked the end of the regular rotation as such. In 2012, all plots will be seeded to narrow-
row beans as a bioassay of historical management over 12 years (2000-11). The attached
PowerPoint file (saved in pdf format) summarizes the longer-term results from the 12 yr study.
This presentation was given at the Alberta Soil Science Workshop, Edmonton, AB, February 14-
16, 2012
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Table 1. Effect of rotation management on bean yield, 2011.

Rotation Previous Fall preparation Spring Preparation Yield,
Crop kg ha’
3 yr Conv.Potatoes  Cultivate + crazy harrow Triple K 3080ab*
3 yr Sust. Potatoes  Disc/crazy harrow. Fall rye cover Direct seed into fall rye
burnoff 3992a
4 yr Conv.Sugar beet Cultivate + crazy harrow Triple K 2501b
4 yr Sust. Sugar beet Cultivate + crazy harrow Direct seed
4056a
5 yr Sust. Wheat Shred stubble Direct seed into
shredded stubble 3769
6 yr Sust. Sugar beet Cultivate + crazy harrow Direct seed 37254

*Means followed by the same letter are not significantly different from each other. (P = 0.05).

Table 2. Effect of Rotation Management on other Bean Agronomic and Disease

Characteristics. Vauxhall 2011

Rotation Plant Stand Height -  Maturity - Sclerotinia Bacterial
n/8m, 17th cm Days from % disease of Blight scale
June seeding 30 plants 0-5

3yrConv. 4474 50.99a  108.0a 1.54b 1.96a

3 yr Sust. 61c 50.88a  102.5¢ 9.58a 1.75a

4 yr Conv. 108a 46652  105.6ab 1.67b 1.75a

4 yr Sust.

yrous 77b 4974a  104.2bc 9.20a 2.16a

5 yr Sust. 70bc 5077a  101.6c 6.43ab 1.82a

GyrSust.  ga. 4923a  104.2bc 8.75a 1.50a

*Means followed by the same letter are not significantly different from each other (P=

0.05)
Table 3. Contrast for Beans: Conventional vs Sustainable:
Characteristic Conventional Sustainable P value
Yield (kg/ha) 2791 3886 0.003 **
Plant stand (n/8m) 108 68 <0.0001***
Maturity (days) 106.8 103.1 0.001 ***
Height (cm) 48.8 50.2 0.355 NS
Sclerotinia (%) 1.60 8.49 0.001 **
Bacterial Blight 1.9 1.8 0.887 NS




Table 4. Contrast for Beans: After Potatoes vs After Sugarbeet:

Characteristic After potatoes After Sugarbeet P value
Yield (kg/ha) 3536 3428 0.719 NS
Plant stand (n/8m) 84 83 0.778 NS
Maturity (days) 105.2 104.7 0.517 NS
Height (cm) 50.9 48.5 0.123 NS
Sclerotinia (%) 5.56 6.54 0.533 NS
Bacterial Blight 1.9 1.8 0.879 NS
* significant at the 5% level; ** significant at the 1% level.
*** significant at the 0.1% level, NS not significant
Table 5. Effect of rotation management on potato yield, Vauxhalil, 2011.
Rotation  Previous crop Fall preparation  Nutrient input, kg ha™ Yield*, Mg ha™
3yrConv. Wheat Plough, 112N, 67 P, 67 K 36.2ab**
3 yrSust. Wheat Dammerdiker 62N, 28 P, 67 K 36.4ab

28 t/ha compost '
4 yr Conv. Beans Plough 112 N, 67 P, 67 K 30.7b
4 yr Sust. Beans Dammerdiker 37 N,0P,67 K 38.3ab

42 t/ha compost ’
5 yrSust. Beans Dammer diker 37N,0P,67K 42 73

42 t/ha compost )
6 yr Sust. Beans Dammer diker 37N,0P,67K 41.6a

42 t/ha compost

*Yield = marketable + oversize yield.
**Means followed by the same letter are not significantly different from each other (P = 0.05).

Table 6. Agronomic parameters for potatoes, 2011.

Julian date Stand Total Marketable Oversize Undersize
50% Vigour count/36m yield Yield Yield Yield Marketable Oversize
Emergence scale row Mg ha" T/ha T/ha T/ha yield/plant yield/plant
Rotation 10-50 ! kg kg
3yr 161.50ab 31.3ab 117.0a 41.03b 20.78a 16.46a 2.67a 0.595a 0.442a
Conv.
3yr 161.23ab 30.0b 119.8a 40.95b 22.68a 14.16a 2.46a 0.623a 0.406a
Sust.
4yr 162.50a 31.9ab 107.1a 39.71b 19.12a 11.60a 3.53a 0.658a 0.412a
Conv.
4yr 161.50ab 33.8a 117.8a 46.21a 22.86a 15.43a 3.53a 0.648a 0.439a
Sust.
5yr 160.84b 34.6a 120.3a 48.61a 25.84a 16.31a 3.58a 0.730a 0.443a
Sust.
6 yr 161.75ab 34.4a 119.4a 47.46a 26.27a 15.77a 2.41a 0.726a 0.453a

Sust.




Table 7. Quality and Disease Characteristics for Potatoes, 2011.

Rotation Marketable Oversize deformities Oversize Hollow Specific Gravity
deformities T/ha T/ha Heart?
3 yr Conv. 0.29a 1.46a 0.50a 1.0937a
3 yr Sust. 0.50a 1.16a 0.32ab 1.0844ab
4 yr Conv. 1.22a 3.70a Ob 1.0811b
4 yr Sust. 0.74a 3.11a 0b 1.0857ab
5 yr Sust. 0.42a 1.66a 0.03ab 1.0838ab
6 yr Sust. 1.09a 1.88a Ob 1.0904ab
Table 8. Potatoes, Conventional vs Sustainable Contrasts:
Characteristic Units Conventional Sustainable P value
Emergence Julian days 162.0 161.3 0.148 NS
Vigour scale 10-50 31.6 33.2 0.144 NS
Stand count 36m row 112.0 119.3 0.062 NS
Yield (M + O)* T/ha 33.48 39.74 0.027 *
Marketable yield T/ha 19.95 2441 0.051 NS
Oversize yield T/ha 13.53125 15.418775 0.273 NS
Undersize yield T/ha 3.10 2.99 0.809 NS
M Yield/plant Kg 0.626 0.682 0.238 NS
O Yield/plant Kg 0.427 0.435 0.879 NS
M deformities T/ha 0.75 0.69 0.861 NS
O deformities T/ha 2.58 1.95 0.539 NS
O hollow heart n/10 tubers 0.25 0.09 0.266 NS
Specific Gravity G 1.08743 1.08605 0.637 NS
Table 9. Potatoes, After Beans vs After Wheat Contrasts:
Characteristic Units After wheatAfter beans P value
Emergence Julian days 161.4 161.6 0.544 NS
Vigour scale 10-50 30.6 336 0.012*
Stand count 36m row 118.4 116.1 0.533 NS
Yield (M + O)* T/ha 36.31 38.33 0.448 NS
Marketable yield T/ha 21.73 2352 0.418 NS
Oversize yield T/ha 14.81 14.78 0.984 NS
Undersize yield T/ha 2.56 3.26 0.132 NS
M Yield/plant kg 0.609 0.690 0.104 NS
O Yield/plant kg 0.424 0.437 0.813 NS
M deformities T/ha 0.39 0.87 0.232 NS
O deformities T/ha 1.31 2.59 0.243 NS
O hollow heart n/10 tubers 0.41 0.01 0.018*
Specific Gravity g 1.08904 1.08525 0.206 NS

AM = marketable; O = oversize



Table 10. Cultural and experimental details of the sugar beet plots at Vauxhall - 2011

Legal Description

Fertilizer Applied

Planting Date
Seed/Row
Spacing

Inter-row
Cultivation

Herbicides
(Liters of
product/acre
broadcast)

Insecticides
Stand Count

Harvest Date

Growing days

SE 4-13-16 W4

Following timothy
Fall Glyphosate application
Plough and disc plus diamond harrows
Spring Fertilize
Triple K cultivator (1x)
Packers and harrows (1x)

Following wheat

Fall Glyphosate application
Shred wheat stubble
Disc and diamond harrows (1x)
Spring Fertilize

Triple K cultivator (1x)
Packers and harrows (1x)

Timothy - 150 Ibs N/ac; 25 Ibs P20s (broadcast)

May 17

6"/22”

None

June 20 Start Up glyphosate - 540g ae/I (1.0)
July § Vantage Plus Max glyphosate — 480 g
Planting time  Cruiser seed treatment

September 19 & 20

September 20
126
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Table 11. Yield and quality results for sugar beet, Vauxhall rotation test - 2011.

Treatment Extractable Sugar Sugar Molasses Beet Stand
Loss Yield
kg/acre kg/t % % t /acre pl/100 ft
4-yrc 3050a 156.9a 17.51a 1.82a 19.45a 125a
4-yrs 3279a 148.6a 17.05a 2.19a 22.15a 125a
5-yr 3306a 154.9a 17.56a 2.07a 21.37a 131a
6-yr 2881a 157.7a 17.77a 2.01a 18.24b 124a

Table 12. Amino-N, Na and K results for sugar beet, Vauxhall rotation test — 2011.

Treatment Amino-N Na K Amino-N Na K
meqg/100g fresh wt. ppm fresh wt.
4-yrc 0.75a 1.08a 4.93a 106a 249a 1928a
4-yrs 0.91a 1.39a 5.64a 128a 320a 2206a
5-yr 0.82a 1.04a 5.66a 114a 240a 2213a
6-yr 0.69a 0.90a 5.66a 97a 207a 2213a
Table 13. Effect of rotation on wheat yield, Vauxhall, 2011.
Previous Crop Fall preparation Yield, Mg ha™
1 yr Cont. Wheat  Disc and crazy harrow 4.28b*
3 yr Conv. Beans  Cultivate + crazy harrow 6.73a
3 yr Sust. Beans  Disc + crazy harrow. Fall rye cover crop 6.68a
4 yr Conv. Potatoes Cultivate + crazy harrow 6.71a
4 yr Sust. Potatoes Disc + crazy harrow, Fall rye cover crop 6.73a
5yrSust. Potatoes Disc + crazy harrow, Fall rye crop 6.58a
5 yrSust. Sugar beet Compost, Disc + crazy harrow 6.54a

*Means followed by the same letter are not significantly different from each other (P = 0.05).
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Table 14. Wheat agronomic factors, 2011.

Maturity - Plant Test

Days from Height Stand Take All Weight
Rotation seeding (cm) (n/8m) Rating Sawfly % Kg/hl

Not

1 yr Cont. 103.5b 81.33a 304b 1.74a available 77.07a
3 yr Conv. 108.0ab 91.18a 345ab 1.23b 78.69a
3 yr Sust. 106.8ab 93.65a 358ab 1.24b 77.96a
4 yr Conv. 107.8ab 95.45a 328ab 1.09b 78.59a
4 yr Sust. 110.0a 94.40a 337ab 1.14b 78.38a
5 yr-P Sust. 108.5a 91.48a 338ab 1.18b 78.32a
5 yr-Sb Sust. 106.0ab 96.80a 374a 1.17b 78.48a

* Means followed by the same letter are not significantly different from each other. (P = 0.05)

Table 15. Wheat Quality, 2011.

Protein Hardness Hardness Sediment-
Rotation Cont% PSI NIRI ation Ca% P % K % S %
1 yr Cont. 9.85ab 73.15b 26.75a 24.25a 0.075a 0.315a 0.373a 0.115ab
3yr Conv. 9.33b 76.00ab  28.00a 23.75a 0.065b 0.330a 0.363a 0.108b
3yr Sust. 10.00a 79.75a 28.75a 26.75a 0.070ab 0.333a 0.368a 0.118a
4 yr Conv. 10.03ab 75.25ab  26.75a 23.25a 0.063b 0.333a 0.370a 0.108b
4 yr Sust. 9.93ab 76.25ab  27.75a 27.75a 0.068ab 0.343a 0.363a 0.113ab
5 yr-P Sust. 10.23a 75.75ab  28.25a 29.67a 0.068ab 0.323a 0.355a 0.118a
Syr-SbSust.  ggnan  7545ab  28.00a  26.00a 0.070ab 0.335a 0.365a 0.113ab
Protein content corrected to 13.5% moisture
PSI>80, indicates a soft wheat.
For NIRI, a soft wheat has an average value of 25.
Sedimentation: A soft wheat has an average value of 20.
Table 16. Wheat, Conventional vs Sustainable Contrasts.
Characteristic Conventional Sustainable P value
Yield( T/ha) 6.72 6.63 0.784 NS
Plant Stand (n/8m) 336.4 351.6 0.353 NS
Test Wt. (kg/hl) 78.64 78.28 0.503 NS
Height (cm) 93.3 94 1 0.721 NS
Maturity (days) 107.9 107.8 0.966 NS
Take All (Rating) 1.16 1.18 0.668 NS
Sawfly %
Protein Conten % 9.68 9.99 0.153 NS
Hardness PSI 75.63 76.80 0.416 NS
Hardness NIRI 27.38 28.19 0.401 NS
Sedimentation 23.5 275 0.096 NS
Ca% 0.064 0.069 0.064 NS
P % 0.331 0.333 0.844 NS
K % 0.366 0.363 0.534 NS
S% 0.108 0.115 0.010 **
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Table 17. Wheat, After Beans vs After Potatoes Contrasts.

Characteristic After potatoes After beans P value
Yield( T/ha) 6.67 6.71 0.922 NS
Plant Stand (n/8m) 334.3 351.3 0.325 NS
Test Wt. (kg/hl) 78.43 78.33 0.856 NS
Height (cm) 93.8 924 0.549 NS
Maturity (days) 108.8 107.4 0.377 NS
Take All (Rating) 1.14 1.23 0.104 NS
Sawfly % Not available

Protein Content % 10.06 9.66 0.076 NS
Hardness PSI 75.75 77.88 0.165 NS
Hardness NIRI 27.58 28.38 0.437 NS
Sedimentation 26.9 25.3 0.511 NS
Ca % 0.066 0.068 0.540 NS
P % 0.333 0.331 0.901 NS
K % 0.363 0.365 0.699 NS
S % 0.113 0.113 1.000 NS

*** significant at the 0.1% level; ** significant at the 1% level; * significant at the 5% level;

NS not significant

Table 18. Soil organic carbon levels (0-15 cm depth), fall 2011

Rotation Mg ha
1c 28.97abc
3c 26.82bc
3s 32.46ab
4c 24.62¢c
4s 32.88ab
5s 36.93a
6s 31.96ab

13



Fig. 1. Soil organic carbon changes over duration of study, Vauxhall 1999 (baseline) to

2011.
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Table 19: Microbiological parameters for non-rhizosphere soil, wheat plots, July 2011

Microbial biomass C

Shannon index

B-glucosidase

Rotation mg kg™ soil of diversity mg™" nitrophenol kg™ soil hr’
1YrC 477bc 2.22a 200a
3YrC 372c 2.21a 103b
3YrS 514ab 2.54a 189a
4YrC 435bc 1.76b 86b
4YrS 507ab 1.77b 190a
5YrS1 424bc 2.24a 184a
5YrS2 623a 2.33a 228a
6Yrs* 477bc 2.27a 184a
*Oats

14



Table 20: Microbiological parameters for rhizosphere soil, wheat plots, July 2011

Microbial biomass C Shannon index B-glucosidase
Rotation mg kg™’ soil of diversity mg' nitrophenol kg™ soil hr'
1YrC 484a 2.51a 194ab
3YrC 430a 2.11a 152b
3YrS 573a 2.71a 237a
4YrC 420a 2.12a 94c
4YrS 462a 2.30a 204a
5YrS1 507a 2.41a 212a
5YrS2 576a 2.24a 243a
6Yrs* 476a 2.46a 204a

*Qats

Table 21. Soil Microbiological Parameters Wheat, Conventional vs Sustainable Contrasts.

Characteristic Conventional Sustainable P value

Non-Rhizosphere soil

MBC, mg kg™ soil 403 509 0.008**

Shannon index 1.99 2.33 0.05*

B-glucosidase, mg™ nitrophenol kg' soil hr 95 195 <0.001***

Rhizosphere soil

MBC, mg kg™ soil 425 519 0.05*

Shannon index 2.1 2.42 0.03*
_B-glucosidase, mg™ nitrophenol kg' soil hr' 123 220  <0.001***

Table 22. Soil Microbiological Parameters Wheat, After Beans vs. After Potatoes
Contrasts.

Characteristic After beans After potatoes P value
Non-Rhizosphere soil

MBC, mg kg™ soil 443 461 0.64NS
Shannon index 2.38 2.01 0.007*
B-glucosidase, mg™ nitrophenol kg™ soil hr' 146 161 0.30NS
Rhizosphere soil

MBC, mg kg™ soil 501 466 0.46NS
Shannon index 2.41 2.32 0.52NS
B-glucosidase, mg' nitrophenol kg™ soil hr 194 178 0.30NS

*** significant at the 0.1% level; ** significant at the 1% level; * significant at the 5% level;
NS not significant
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What have we learned about potatoes in the 12-yr Vauxhall Irrigated Rotation Study?

Francis J. Larney', Drusilla C. Pearson', Robert E. Blackshaw', Newton Z. Lupwayi', Peter J.
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!Agriculture & Agri-Food Canada, Lethbridge, AB; *Lantic Inc., Taber, AB

Background

Common irrigated crops in southern Alberta such as potatoes, sugar beets and dry beans produce
little crop residue for return to the soil. Growing these crops in tight rotations may have long-
term detrimental effects on our soil resource in terms of diminished soil quality and increased
erosion risk.

An irrigated rotation study was initiated in 2000 at Vauxhall, Alberta to examine the impact of
rotation length and conventional (CONV) and conservation (CONS) management for potatoes,
sugar beets, beans and soft wheat. The CONS rotations were built around four specific
management practices:

1. direct seeding/reduced tillage where possible

2. fall-seeded cover crop (fall rye)

3. feedlot manure compost application (28 or 42 t/ha every third year) and

4. where beans occurred in the rotation, solid-seeded narrow-row (20 cm) beans vs.

conventional wide row (60 cm) beans.

There was a total of six rotations (Table 1) with each of the 26 phases appearing every year and
replicated 4 times (104 plots).

Table 1: Irrigated rotation treatments at Vauxhall, Alberta

Length, yr Rotation Management

1 'Y Cont. wheat

3 P-B-W Conventional

3 P-B-W Conservation

4 P-W-SB-B Conventional

4 P-W-SB-B Conservation

5 P-W-SB-W-B Conservation (cereal breaks)
6 P-O(t)-T-T-SB-B Conservation (forage break)

W: wheat; P: potatoes; B: beans; SB, sugar beet; O(t): silage oats harvested July, timothy seeded Aug.; T: timothy.

This poster will focus on the results from the potato crop averaged over 12 yr (2000-11). All
yields are expressed as marketable yield (>48 mm diam.).

Results

Trends in potato yield, averaged over the 12 yr (Fig. 1), showed that the 3-Yr CONV rotation
(35.4 t/ha) was significantly lower than all others (38.6-42.0 t/ha), being 12% lower than the 3-
Yr-CONS rotation. Simply lengthening the rotation to 4 yr while maintaining CONV practices
increased yield by 11% (4-Yr-CONV vs. 3-Yr-CONV). There was no significant yield effect of
imposing conservation practices if the rotation length was 4 yr (4-Yr-CONV vs. 4-Yr-CONS).




The 5-Yr CONS rotation yielded 18% higher than the 3-Yr-CONYV rotation, and 10% higher than
the 4-Yr CONS. However, stretching potatoes to one yr in six did not lead to a significant yield
increase except over the 3-Yr-CONYV rotation (14%).

There was no effect of rotation on specific gravity (SG) averaged over 12 yr (Fig. 2). However
there was a declining trend in SG as rotation lengthened, from 1.08475 on the 3-Yr-CONV to
1.07954 on the 6-Yr-CONS.

A contrast of management groupings (3- and 4-Yr CONV vs. 3-, 4-, 5- and 6-Yr-CONS, Fig. 3a)
showed an overall significant 7% increase in yield (t/ha) with CONS management, but a
significant decline in SG (from 1.08353 to 1.08053). Also comparing the shortest 3-Yr rotations
(3-Yr-CONYV and 3-Yr-CONS vs. 4-Yr CONV, and 4-, 5- and 6-Yr-CONS), showed a
significant 7% yield increase but a decline in SG (from 1.08375 to 1.08042), when moving away
from 3-yr rotations (Fig. 3b).

Summary

e Based on our results, growing potatoes in 3-yr rotations (potatoes-beans-wheat) without
conservation practices is not recommended due to significant yields declines of 12-18% over
the long-term.

e Overall, CONS practices increased potato yield by 7% but lowered specific gravity.

e Longer rotations (> 4 yr) led to 7% higher potato yield but lower specific gravity.

e CONS practices also improved soil quality parameters such as organic carbon, microbial
biomass and aggregate stability.
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ABSTRACT
Most plants host endophytic bacteria, but their identities and functions are usually unknown.
Bacterial endophytes associated with potato grown after dry bean (Phaseolus vulgaris L.) or
wheat (Triticum aestivum L.) were isolated, quantified and identified in a field study that
compared crop rotations (3- to 6-yr in length) and soil management (CONV, conventional;
CONS, conservation) for dry bean, potato, sugar beet (Beta vulgaris L.) and spring wheat.
Populations of culturable endophytes ranged from 2.83 x 10° to 7.65 x 10° colony forming units
(cfu) g of root dry matter. The populations and diversity of the endophytes were greater with
CONS than CONV soil management, and tended to be greater in longer than shorter rotations.
The community structures of the endophytes were different between CONV and CONS soil
management. A terminal-restriction fragment length polymorphism (T-RFLP) assay targeting the
16S rRNA gene, and its sequencing, showed that CONS management systems contained more
Proteobacteria than CONV management systems, and vice-versa for Acidobacteria.
Bacteriodetes were found only in long CONS rotations. This phylogenetic characterization of

potato endophytes is important for further studies on their effects on the host plants.

Keywords: Crop rotations, endophytic bacteria, soil management, T-RFLP.

Short title: Bacterial Endophytes in Potato

Endohphytes are microorganisms that live within a plant in a mutualistic relationship (Schulz

and Boyle 2006; Wilson 1995). They are believed to support plant processes that include growth
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promotion, nutrient uptake, tolerance to abiotic stresses, and inhibition of infection by pathogens
(Ryan et al. 2008). Culturable bacterial endophytes can be isolated after surface sterilization of
plant material. Endophytes are found in roots, stems and leaves of plants and are ubiquitous in a
range of different plant species (Garbeva et al. 2001). Bacterial endophytes have been isolated
from sweet potato (I[pomoea batatas) (Khan and Doty 2009), cottonwood (Populus deltoids)
(Xin et al. 2009), grapevine (Vitis vinifera) (West et al. 2010), poplar (Populus alba) (Doty et al.
2005), soybean (Glycine max) (Hung et al. 2007), tomato (Solanum lycopersicum) (M-Santacruz
et al. 2010) and potato (Andreote et al. 2009; Manter et al. 2010, Sessitsch et al. 2002; Garbeva
et al. 2001). Greater soil microbial counts, biomass and diversity have been observed in legume-
based crop rotations (Biederbeck et al. 2005; Lupwayi et al. 1998). Some of the soil bacteria
develop endophytic associations with non-legumes (Lupwayi et al. 2004), probably resulting in
nutritional, crop protection and stress tolerance benefits to the host plants. Therefore, endophytic
microorganisms can play important roles and offer environmentally-friendly methods to increase

productivity while reducing chemical inputs.

While culturable endophytes have been isolated in the studies cited above, endophytic
populations in potato monitored by denaturing gradient gel electrophoresis (DGGE) (Garbeva et
al. 2000) revealed the presence of several distinct phylogenetic groups of organisms, suggesting
that non-culturable endophytes are also present in potato. Despite the difficulty of obtaining
taxonomic information on the organisms from particular terminal-restriction fragments (TRFs),
the T-RFLP, a semiquantitative fingerprinting method, is extensively used for comparative
community analysis. In the method, fluorescent end-labelled polymerase chain reaction (PCR)-

amplified markers (commonly the small-subunit rRNA gene) are digested with one or more
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restriction enzymes, resulting in the production of fluorescent labelled TRFs of different lengths.
The TRFs can be separated and detected as peaks on an automated sequence analyser. The T-
RFLP technique has the advantage of using an intemal size marker with each sample, which
greatly facilitates automatic sizing of peaks as compared to other molecular fingerprinting
methods like DGGE. This method has been widely used to investigate bacterial community
structures in various environments (Conn and Franco 2004; Dunbar et al. 2000, Liu et al. 1997,

Luna et al. 2006; Osborn et al. 2000) including plant interiors.

The objective of this study was to isolate, quantify and identify endophytic bacteria from roots of
potatoes grown in various crop rotations under irrigation, as a first step towards understanding
their effects on potato growth. The rotation study had been running for 12 yr (2000-11) when
sampled. The diversity and identities of the endophytes were determined using T-RFLP analysis,
and the identities were confirmed using 16S rRNA gene sequencing. To our knowledge, this is
the first report of microbial analysis by T-RFLP of 16S rRNA genes to characterize endophytic

bacterial communities of potatoes grown in irrigated cropping systems.

MATERIALS AND METHODS
Treatments
An irrigated cropping study was initiated in 2000 at Vauxhall, Alberta, (50° 06 N; 112° 13’ W)
to compare the effects of 3- and 4-yr rotations under CONV or CONS soil management, and 5-
and 6-yr under CONS soil management on yields of dry bean, potato, sugar beet and spring
wheat. The CONS rotations represented a package built around five specific soil conservation

practices: 1) Direct seeding/reduced tillage where possible, to maintain surface residue and
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reduce wind and water erosion risk; 2) Fall-seeded cover crop (fall rye, Secale cereale L.) to
reduce wind erosion risk in fall and early spring; 3) Feedlot cattle manure compost application
(28 or 42 t ha™ every third year) to replace inorganic fertilizer inputs and improve soil organic
matter; 4) Solid-seeded narrow-row (20 cm) beans direct-cut at harvest vs. conventional wide
row (60 cm) beans which are undercut at harvest leaving loose soil and non-anchored stubble; 5)
Longer rotations of 5- and 6-yr under CONS soil management. The CONV rotations had none of
the above management practices. There were a total of six rotations with all 26 phases appearing
every year, arranged in a randomized complete block design (RCBD) and replicated 4 times (104
plots, each 10.1 x 18.3 m) (Table 1). Rotations varied in length from 3 to 6 yr with 2 yr of
timothy (Phleum pratense L.) included in the longest rotation. Soil management systems

(CONV, CONS) and length of crop rotations were considered the different treatments.

Isolation of Endophytes

Potato roots and adhering rhizosphere soil were sampled in all 24 potato plots (6 rotations x 4
replicates, Table 1) at the flowering stage in August, 2011 and kept at -20 °C until required.
Roots were washed with distilled water and surface-sterilized using 10% (v/v) sodium
hypochlorite for 8 min, followed by 1% iodophor for 5 min, and then washed 10 times with
sterile water. About 0.5 g of surface-sterilized roots was macerated to fine powder using liquid
nitrogen in a sterilized and precooled mortar. The powder was suspended and serially diluted
with sterile water to isolate bacterial endophytes. Aliquots of 100 uL were plated in tryptic soy
agar (TSA) medium plates containing 100 pg per ml cycloheximide (antifungal chemical), and
the plates were incubated at 28 °C for 48 h (Garbeva et al. 2001; Khan and Doty 2009). Samples

of root tissue from the surface sterilization process were also plated into the same medium to
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6 CANADIAN JOURNAL OF PLANT SCIENCE

check the success of the sterilization. Bacterial colonies were counted after 48 h and these
colonies were further screened in TSA medium. Different morphological characteristics
(number, colour and size of colonies) of endophytes were observed, counted, and different
colonies were chosen for further analysis. Endophyte populations were estimated as cfu g
potato root tissue. Culture broths of screened endophytes were kept at -80 °C with 30% glycerol

solution as stock solution.

Nucleic Acid Extraction and 16S rRNA Gene Amplification

Some of the distinct colonies were grown in tryptic soy broth (TSB) liquid media and
chromosomal DNA isolated using the QIAamp DNA Mini kit (Qiagen, Gaithersburg, MD,
USA). The concentration and purity of chromosomal DNA were checked with Nano Drop 2000
spectrophotometer (Thermo Scientific, Wilmington, DE, USA). Eubacterial 16S rRNA gene
sequences were amplified by universal bacterial primers (8F: 5'-
AGAGTTTGATCCTGGCTCAG-3' and 1492R: 5’-GGTTACCTTGTTACGACTT-3") using the
chromosomal DNA as template for identification of 16S rRNA, while 341F: 5°-
CCTACGGGAGGCAGCAG-3’ and 1492R were used for amplification of 16S rRNA gene for
T-RFLP analysis (Khan and Doty 2009; Liu et al. 1997). PCR was carried out with a
thermocycler (Eppendorf, Hamburg, Germany) using an initial denaturation step of 7 min at 95
°C followed by 40 cycles of 30 s at 95 °C, 1 min annealing at 56 °C and 1 min extension at 72
°C, followed by final extension at 72 °C for 7 min. The PCR products of 16S rRNA genes were

visualised with ethidium bromide in 1% agarose gel.

Endophyte Community Analysis by 16S rRNA-Based T-RFLP

Page 6 of 44
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Genomic DNA from potato root tissue was used for T-RFLP analysis. Eubacterial universal
forward primer 341F (Liu et al. 1997) was labelled at the 5° primer end with 6-
carboxyfluorescein (6-FAM) (Integrated DNA Technologies, Coralville, IA, USA) and reverse
primer 1492R (Khan and Doty 2009) were used to amplify the 16S rRNA gene. Reactions were
carried out in a thermocycler (Eppendorf, Hamburg, Germany) as described above. The PCR
reactions (50 ul) contained 5 U HotStarTaq DNA polymerase (Qiagen, Hilden, Germany), PCR
Buffer (with 3 mM MgCl,), and 400 uM of each dNTP (Qiagen, Hilden, Germany), 800 uM of
each primer and 15-25 ng template DNA. The PCR products were purified using QuickA PCR
Purification Kit following the manufacturer’s protocol from Qiagen. About 1200 ng of purified-
16S rRNA PCR products were individually digested for 4 h at 37 °C with 4-bp recognition sites
Hinfl, Rsal, Mbol and a combination of Haelll and Mbol (New England Biolabs Inc., Ipswich,
MA, USA). Restriction enzymes that generated unique TRFs were determined using Restriction
Endonuclease Picker (REPK v1.3) (Collins and Rocap 2007). Preliminary experiments showed
that Hinfl was the best endonuclease because it produced more TRFs than the other enzymes,

and results presented here are for this endonuclease.

Enzyme reactions were quenched at 65 °C for 10 min to inactivate enzyme activity, purified and
0.5 ul aliquots were mixed with 1 uL of loading buffer (5 deionised formamide:1 loading dye)
and 0.3 ul of DNA fragment length standard (Genescan 500 Rox; Perkin-Elmer). Reaction
mixtures were denatured at 92 °C for 2 min and chilled on ice prior to electrophoresis. Samples
(1.75 uL) were applied on 6% denaturing polyacrylamide gels and fluorescently labelled
terminal restriction sizes were analysed using an ABI 3730x 1 genetic analyser automated DNA

sequencer (University of Calgary, Calgary, AB, Canada). The TRFs were only scored as positive
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when they had more than 50 fluorescence units. Fragments were sized using Peak Scanner
software v1.0 (Applied Biosystems) and the resulting data was imported into T-REX software
(Culman et al. 2009) for further processing. Data were subjected to quality control procedures
including TRF alignment (clustering threshold = 2 bp), noise filtering (peak area, standard
deviation multiplier = 1), and elimination of TRFs < 50 bp. The total fluorescence within each T-
RFLP profile was calculated by summing the heights of peaks detected. Additive Main Effects
and Multiplicative Interaction Model (AMMI) analysis was carried using T-REX software
(Culman et al. 2009). The TRFs obtained from each electropherogram after running in T-REX
software were used in PAT+ program from Microbial Community Analysis (MiCA3) software
server application (Shyu et al. 2007) to assign putative taxonomic identities. Operational
taxonomic units (OTUs) of each type of endophyte were derived from the number of TRFs

obtained from each treatment.

The online server Chang BioScience (2004) was used to calculate indices of diversity: Shannon-
Wiener index (H’), species richness (S) and evenness (E). Average TRFs were taken from three
analyses for each sample, and the TRFs from all four field experimental replicates were included

in the statistical analysis of H’, S and E.

Construction of 16S rRNA Gene Library

Amplified PCR products of 16S rRNA genes from the isolates were purified using QuickA PCR
purification kit (Qiagen, Gaithursburg, MD, USA) according to the manufacturer's instructions
and were cloned into pGEM-T-easy vector (Promega, Madison, WI, USA), and then transformed

into competent cells of Escherichia coli DH5a. Positive colonies were selected using the white-



Page 9 of 44

Can. J. Plant Sci. Downloaded from tpubs.aic.ca by ,lf(\ig;iculmre and Agri-food Canada on 10/24/13
i

For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

PAGENI ET AL. - BACTERIAL ENDOPHYTES IN POTATO 9
blue-colony method on Luria-Bertani (LB) medium containing X-Gal (5-bromo-4-chloro-3-
indolyl-B-D-galactopyranoside), IPTG (isopropyl- p-D-thiogalactopyranoside), and 50 pg mL"!
ampicillin and cultured in liquid LB culture medium. Cloned DNA was extracted from the
culture broth of positive colonies. Cloned products were sequenced at Génome Québec
Innovation Center (McGill University, Montreal, QC, Canada) using T7 and SP6 promoter’s
primers. Purified PCR products of 16S rRNA gene were also sequenced using 8F and 1492R
primers. The 16S rRNA gene sequences were compared and identified by homology comparison
to entries in the GenBank nucleotide database using BLASTN (Altschul et al. 2004). All cultured
endophytes from various treatments are listed in Supplementary Table 1. Phylogenetic molecular
evolutionary analyses were conducted using ClustalW2 online software (Larkin et al. 2007) and
the aligned sequences were exported to MEGA 5.05 version (Tamura et al. 2011). All sequences
were screened for potential chimeric sequences using database-enabled code for ideal probe

hybridization employing R (DECIPHER) online software (Wright et al. 2012).

Nucleotide Sequence Numbers
All the nucleotide sequences of 16S rRNA gene from potato endophytes have been deposited in

the NCBI GenBank database under accession numbers JX912365 to JX912472.

Statistical Analysis

All data [cfu, Shannon-Wiener index (H’), species richness (S) and evenness (E)] were subjected
to analysis of variance (ANOVA) according the RCBD of the field experiment, using SAS
software (Ver. 9.1, SAS institute Inc., Cary, NC, USA). Unless otherwise specified, statistical

analyses were based on peak height used in T-REX software. Statistical significance was
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established at P = 0.05 and means were separated by the least significant difference (LSD) test.
Principal component analysis (PCA), a multivariate procedure, was used to classify the TRFs of

the endophyte communities using PAST 2.02 software (Hammer et al. 2001).

RESULTS
Endophyte Populations
The lowest endophyte population, i.e., 2.83 x 10° cfu g™ of potato root tissue, was found in 3-yr
potato-bean-wheat rotation under CONV soil management, whereas the highest endophyte
population, i.e., 7.65 x 10* cfu g of root, was found in 5-yr potato-wheat-sugar beet-wheat-bean
rotation under CONS soil management (Fig. 1). The endophytic populations in the 5-yr and 6-yr
CONS rotations were significantly greater than those in the 3-yr and 4-yr CONV rotations.
Between the two 3-yr rotations, the populations were significantly greater under CONS
management than CONV management, and the same result was observed between the two 4-yr

rotations.

Endophyte Diversity, Community Structures and Phylogenetic Identities: T-RFLP
Analysis

Table 2 shows that differences in H” between treatments were similar to differences in endophyte
populations described above (Fig. 1). Thus, between the two 3-yr or 4-yr rotations, the
endophytes in rotations under CONS management were more diverse (greater H’) than those
under CONV management, and the 5- and 6-yr CONS rotations tended to have more diverse
endophytes than 3- and 4-yr CONV rotations. Both S and E contributed to these differences in

H’ (H’ is a composite of S and E).
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Ordination of TRFs by PCA revealed differences in community structures of the endophytes in
the different treatments (Fig. 2). This analysis indicated that most (77%) of the variance in
endophyte community structures was explained by PC1 (x-axis, left to right in Fig. 2). Therefore
the endophyte communities in treatment TS (5-yr CONS) and, to a lesser extent, T6 (6-yr CONS)
were very different from those in T1 (3-yr CONV) and, to a lesser extent, T3 (3-yr CONV) and
T2 (3-yr CONS). Fig. 2 also shows that a- and y- Proteobacteria (see below) were more

associated with TS5, and the Firmicutes with T6, than with other treatments.

The endophytes were identified and assigned to distinct putative phylogenetic groups. Many
TRFs shared more than one phylogenetic group and the identified TRFs revealed differences in
the relative population structures in various treatments. The TRFs were affiliated to
Proteobacteria (o, B, y and 8), Firmicutes, Cyanobacteria, Actinobacteria, Bacteriodetes,
Acidobacteria and some unidentified bacteria (Fig. 3). Within 3-yr or 4-yr rotations, -
Proteobacteria were more abundant in CONS management than in CONV management, but the
reverse was observed for Acidobacteria. A side-by-side comparison of the average distribution
for all CONV vs. CONS management shows that the sum of all Proteobacteria was greater
under CONS management than under CONV management, and so were Bacteriodetes, but the

reverse was true for Acidobacteria (Fig. 4).

Taxonomic Identities: 16S rRNA Gene Sequencing
A total of 108 endophytes from various treatments were selected for sequencing (Supplementary

Table 1). All of these 16S rRNA encoding gene sequences were identified by sequence
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homology using NCBI BLAST followed by Ribosomal Database Project (RDP) (Larkin et al.
2007). Based on this sequencing, the dominant phyla in all treatments were Proteobacteria,
Firmicutes, Cyanobacteria and Actinobacteria, but their relative distribution in each treatment
was different (Fig. 5). Due to culturing difficulty (Jones et al. 2009), no Acidobacteria were
detected based on 16S rRNA gene sequencing. Within 3-yr or 4-yr rotations, Proteobacteria
were more abundant in CONS practices than CONV practices, whereas Actinobacteria were

more abundant in CONV practices than in CONS practices. Furthermore, Bacteriodetes were

Page 12 of 44

only found in the longer rotations under CONS soil management. Relatively equal percentages of

Firmicutes were found in all treatments and the distribution of Cyanobacteria was variable.
Results of phylogenetic analysis of the 16S rRNA gene of endophytes from each treatment are
shown in Supplementary Figs. 1-6. The Firmicutes were mostly the genera Bacillus,
Paenibacillus, Lysinibacillus, Solibacillus and Staphyloccocus. Some of the genera belonging to
Proteobacteria were Pseudomonas, Cedibacter, Agrobacterium, Rhizobium, Ralstonia and
Cupriavidus. The Cyanobacteria were represented by Halospirulina and Planktothricoides spp.
Bacteria belonging to Actinobacteria included the genera Kribbia, Brevibacterium,

Microbacterium and Arthrobacter.

DISCUSSION
Bacterial endophytes in agricultural systems are subject to a wide range of management
practices. Characterizing these endophyte communities is important considering their potential
significance in plant growth promotion, nitrogen fixation, protection against disease, biotic and
abiotic stress tolerance, or sources of novel biomolecules for bioremediation (Trivedi et al.

2011). As endophytes occur in intercellular spaces of plant tissues, their role in supporting plant
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growth is matter of discussion (Sessitsch et al. 2002). It is assumed that endophytic bacteria play
an important role in plant growth and its adaptation to the environment. Their presence indicates
that they are critical for plant health, growth and other ecologically relevant functions of plants.
The rhizosphere is an important source of root endophytes, and most of the root endophytes are
also present in the rhizopshere. Root endophytes enter the plant by local cellulose degradation or
fractures in the root system (Gough et al. 1997). In this study, conservation practices increased
soil microbial diversity and biomass (F. J. Larney, unpubl). We also found that changing the soil
management practices and lengthening crop rotations influenced bacterial endophyte populations

and altered their community structures.

Endophyte populations under CONS soil management were higher probably due to the improved
soil quality (Larkin et al. 2011), in this case resulting from direct seeding (zero or reduced
tillage), addition of composted manure, and cover-cropping. Many reports show that residue
retention with direct seeding increase the abundance of bacteria in no-till systems (Hammesfahr
et al. 2008; Ceja-Navarro et al. 2010). Agronomic practices that include reduced tillage and crop
residue retention can be adopted as sustainable agricultural practices that preserve and improve
the diversity of soil microbial communities (Ceja-Navarro et al. 2010). Tillage reduces microbial
populations because it accelerates the breakdown of soil organic C, a key substrate for
microorganisms. Tillage also reduces microbial diversity (Lupwayi et al. 1998), presumably
because it homogenizes the soil and the C substrates within it. Addition of organic amendments
like compost to agricultural soil increases the population of soil micro-organisms and recycling
of nutrients, resulting in improvement of both soil biological and chemical properties (Goyal et

al. 1999). Composting not only concentrates nutrients but also kills pathogens (Lamey et al,,
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2003) and weed seeds (Larney and Blackshaw 2003). . Composted manure is used to substitute
for inorganic fertilizers and is widely used in organic farming systems (Lynch et al., 2011).
Compost applied to agricultural fields improves soil structure and increases microbial activities
due to the organic C inputs (Steger et al. 2007). Cover cropping, another practice employed in
the CONS rotations, increases soil microbial populations because it increases soil organic C.
Carrera et al. (2007) reported a significant effect of cover cropping on soil microbial community

structure.

A consistent observation in both T-RFLP analysis for culture independent bacteria and 16S
rRNA gene sequencing analysis for cultivated bacteria with regard to community structures of
the endophytes was that CONS management systems contained more Profeobacteria than
CONV management systems, and vice-versa for Acidobacteria (in T-RFLP). Bacteriodetes were
found only in long rotations. The phylum Proteobacteria is the most heterogeneous of all
bacterial phyla both morphologically and metabolically, and most bacteria of medical, industrial,
and agricultural importance belong to this phylum (Oren 2010). In this study, the N»-fixing
Rhizobium was one of the genera found. Other endophytes found in rotations under CONS soil
management also have potentially beneficial characteristics. For example, Paenibacillus
polymyxa (in 5-yr rotation) is a nitrogen-fixing bacterium (Anand 2010) and Kribbia
dieselivorans (in 6-yr rotation) has diesel-oil degradation activity (Jung et al. 2006). On the other
hand, the phylum Acidobacteria is composed of a small group of acidophilic organotrophs and

iron reducers (Oren 2010).

Page 14 of 44



Page 15 of 44

i-food Canada on 10/24/13

iculture and Agri )
ing and page composition. It may differ from the final official version of record.

tpubs.aic.ca by %%tr

Can. J. Plant Sci. Downloaded from

For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy e

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

PAGENI ET AL. - BACTERIAL ENDOPHYTES IN POTATO 15

Sequencing of the 16S rRNA gene directly from potato root tissue (without culturing the
endophytes) was not possible in constructing the gene library since the eubacterial primers used
to amplify 16S rRNA are also homologous to chloroplast 16S and mitochondrial 18S rRNA of
plants (Reiter et al. 2002, Sessitsch et al. 2002). The majority of clones contained mainly
mitochondrial and, to a lesser extent, chloroplast small-subunit rRNA sequences. This limited
our ability to compare the 16s rDNA clone library with a number of community members found
by T-RFLP analysis. Hence, putative taxonomic analysis of TRFs was assigned based on PAT+
analysis from MiCA3 software (Shyu et al. 2007). Our phylogenetic and molecular evolutionary
analyses (Supplementary Figs. 1-6) were based on cultured endophytes. The relative distribution
of the most abundant phyla (from 16S rRNA gene sequencing) of the cultured endophytes in
different treatments are shown in Figure S. In previous studies of potato endophytes, a, B, and y
sub-divisions of Proteobacteria, Actinobacteria, Flexibacter, Cytophaga, and Bacteriodetes
genera were identified (Reiter et al. 2002; Sessitsch et al. 2002). Pyrosequencing analysis of
potato root endophytes also revealed a-Proteobacteria, B-Proteobacteria, y-Proteobacteria, o-
Proteobacteria, Cyanobacteria, Firmicutes, Acidobacteria, Actinobacteria, Bacteriodetes,
Chloflexi, Plancomycetes, Fusobacteria, Verrucomicrobia, Gemmatimonadetes and other
unidentified bacteria families (Manter et al. 2010). More than 20 species of Pseudomonas,
Bacillus, Enterobacter and Agrobacterium genera appear to be the most common culturable
bacterial endophytes found in potato (Manter et al. 2010). Our results are in agreement with

these observations.

In this study, we isolated, quantified and identified bacterial endophytes from potato grown in

conventional and conservation soil management systems of different crop rotation lengths, and
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demonstrated that the endophyte communities are complex. Conservation soil management
practices and long crop rotations increased the populations and diversity on the endophytic
bacteria compared with conventional soil management and short rotations. The community
structures of the endophytes were also different in these treatments. This phylogenetic
characterization of the endophytes needs to be followed by functional characterization to
understand how these bacteria affect their host plants. Novel endophytes and their bioactive
secondary metabolites could also be identified to develop technologies that increase crop growth

and yields.
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FIGURE CAPTIONS

Fig. 1. Effect of crop rotation length (3- to 6-yr) and soil management (CONV or CONS) on
bacterial endophyte populations of potato roots. Each bar is an average of four field replications,
and the standard error is indicated. Treatment means with the same letter are not significantly
different at 5% significance level. W: wheat, B: beans; P: potato; SB: sugar beet; O (t): silage
oats harvested July, timothy seeded August; T: timothy. CONV: Conventional soil management;
CONS: Conservation soil management ; CONV: Conventional soil management, CONS:

Conservation soil management.

Fig. 2. Ordination of endophyte TRFs (from T-RFLP analysis) of endophyte communities from
different treatments (T1 to T6) by principal component analysis (PCA). Each treatment point is a
mean of four replicates. The percentage of variance explained by each axis is indicated. T1:

(Potato-Bean-Wheat) and T3: (Wheat-Sugar beet-Bean-Potato) under CONV soil management

while T2: (Potato-Bean-Wheat), T4: (Wheat-Sugar beet-Bean-Potato), TS: (Potato-Wheat-Sugar

beet) and T6: Oat-Timothy-Timothy-Sugar beet-Bean-Potato) under CONS soil management.

Fig. 3. Relative abundance of different bacterial phylogenetic groups (from T-RFLP analysis) in
various treatments. Each data point was calculated from the average operational taxonomic units

(OTUs) from four field replicates.

Fig. 4. Relative distribution of the different bacterial phylogenetic groups (from T-RFLP

analysis) in conventional (CONV) and conservation (CONS) soil management treatments.
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Fig. 5. Relative distribution of the most abundant phylogenetic groups (from 16S rRNA gene
sequencing) of cultured endophytes in various treatments. W: wheat; B: beans; P: potato; SB:
sugar beet; O (t): silage oats harvested July, timothy seeded August; T: timothy. CONV:
Conventional soil management; CONS: Conservation soil management ; CONV: Conventional

soil management; CONS: Conservation soil management.
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SUPPLEMENTARY FIGURE CAPTIONS

Supplementary Fig. 1. Phylogenetic tree based on 16S rRNA gene sequences of endophytes of
potato from T1 treatment (3-yr Potato-Bean-Wheat rotation) under conventional soil
management using neighbor-joining method in ClustalW2 program. EA1 to EA19, are the

endophytes identified from treatment T1.

Supplementary Fig. 2. Phylogenetic tree based on 16S rRNA gene sequences of endophytes of
potato from T2 treatment (3-yr Potato-Bean-Wheat rotation) under conservation soil
management using neighbor-joining method ClustalW2 program. EB1 to EB19 are the

endophytes identified from treatment T2.

Supplementary Fig. 3. Phylogenetic tree based on 16S rRNA gene sequences of endophytes of
potato from T3 treatment (4-yr Wheat-Sugar beet-Bean-Potato rotation) under conventional soil
management using neighbor-joining method ClustalW2 program. EC1-EC16 are the endophytes

identified from treatment T3.

Supplementary Fig. 4. Phylogenetic tree based on 16S rRNA gene sequences of endophytes of

potato from T4 treatment (4-yr Wheat-Sugar beet-Bean-Potato rotation) under conservation soil

management using neighbor-joining method ClustalW2 program. ED1 to ED17 are the

endophytes identified from treatment T4.
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Supplementary Fig. 5. Phylogenetic tree based on 16S rRNA gene sequences of endophytes of
potato from T5 treatment (5-yr Potato-Wheat-Sugar beet-Wheat-Bean rotation) under
conservation soil management using neighbor-joining method Clustal W2 program. EE1 to EE14

are the endophytes identified from treatment TS.

Supplementary Fig. 6. Phylogenetic tree based on 16S rRNA gene sequences of endophytes of
potato from T6 treatment (6-yr Oat-Timothy-Timothy-Sugar beet-Bean-Potato rotation) under
conservation soil management using neighbor-joining method Clustal W2 program. EF1 to EF23

are the endophytes identified from treatment T6.
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Table 1. Irrigated rotation treatments at Vauxhall, Alberta. W: wheat; B: beans; P:

potato; SB: sugar beet; O (t): silage oats harvested July, timothy seeded August; T:

timothy. CONV: Conventional soil management; CONS: Conservation soil management.

Treatment Length, yr Rotation Management
1 3 P-B-W CONV
2 3 P-B-W CONS
3 4 W-SB-B-P CONV
4 4 W-SB-B-P CONS
5 5 P-W-SB-W-B CONS
6 6 O(t)-T-T-SB-B-P  CONS
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Table 2. Diversity of bacterial endophytes isolated from potato in various treatments.

Average values (x standard error) of shannon index, species richness and evenness are

from four field replicates. Means with the same letter in a column are not significantly

different 5% significance level. W: wheat; B: beans; P: potato; SB: sugar beet; O (t):

silage oats harvested July, timothy seeded August; T: timothy. CONV: Conventional soil

management; CONS: Conservation soil management.

Treatment Management Shannon Index Species Richness  Evenness
(H") S) (E)

P-B-W CONV 1.99 +0.20 bc 875+1.5ab 0.92+£0.03 ab
P-B-W CONS 2.11+0.09 a 975+05a 0.93 +£0.02 ab
W-SB-B-P CONV 1.92+021¢ 8.50+19b 091+0.01b
W-SB-B-P CONS 211+£0.07a 9.50+ 0.6 ab 094+0.02a
P-W-SB-W-B CONS 2.07+0.16 ab 925+15ab 0.94+0.01a
O(t)-T-T-SB-B-P  CONS 209+0.12a 9.50+1.0ab 0.93 +£0.01 ab
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Fig. 4
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Supplementary Table 1. Endophytic bacteria cultured and identified based on 16S rRNA

gene sequencing. TMT: Treatment; T1: (P-B-W) and T3: (W-SB-B-P) under CONV soil

management while T2: (P-B-W), T4: (W-SB-B-P), TS: (P-W-SB-W-B) and T6: O(t)-T-T-

SB-B-P under CONS soil management.

Endop TMT. Closest NCBI database match % NCBI
hyte Simularity  accession
Number

EAl Tl Staphylococcus warneri strain AW 25(NR_025922) 99 JX912365
EA2 Tl Paenibacillus tundrae strain Ab10b (NR_044525) 99 JX912366
EA3 Tl Pseudomonas brassicacearum strain NFM421 (NR_074734) 99 IX912367
EA4 Tl Bacillus marisflavi strain TF-11 (NR_025240) 99 I1X912368
EAS Tl Brevibacterium frigoritolerans strain :DSM 8801 (NR_042639) 99 JX912369
EA6 T1 Agrobacterium tumefaciens strain IAM 12048 (NR_041396) 99 JX912370
EA7 T1 Rhizobium selenitireducens strain BI(NR _044216) 99 JX912371
EA8 T1 Bacillus sp. LMG 20238 (NR_042083) 98 IX912372
EA9 Tl Halospirulina tapeticola strain CCC Baja-95 C1.2 (NR_026510) 84 JX912373
EAI0Q T1 Planktothricoides raciborskii NIES-207 strain (NR_040858) 84 JX912374
EAIll Tl Halospirulina tapeticola strain CCC Baja-95 C1.2 (NR_026510) 85 IX912375
EAI2 TI Planktothricoides raciborskii NIES-207 strain (NR_040858) 84 I1X912376
EAI3 Tl Halospirulina tapeticola strain CCC Baja-95 C1.2 (NR_026510) 84 1X912377
EAl4 Tl Paenibacillus tundrae strain Ab10b (NR_044525) 99 JX912378
EAILS Tl Bacillus megaterium QM B1551 strain (NR_074290) 99 JX912379
EAl6e  TI Staphylococcus pasteuri strain ATCC51129 (NR_024669) 99 JX912380
EA17 TI Bacillus thuringiensis strain IAM 12077 (NR_043403) 99 JX912381
EAI8 T1 Bacillus thuringiensis strain IAM 12077 (NR_043403) 99 JX912382
EA19 Tl Staphylococcus warneri strain AW 25(NR_025922) 99 IX912383
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Supplementary Fig, 1
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Supplementary Fig. 2
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Supplementary Fig. 3
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Supplementary Fig. 4
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Supplementary Fig, 5
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