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Abstract

Integration of rye (Secale cereale L.) cover crops into the corn (Zea mays L.) soybean [(Glycine max (L.) Merr.] rotation of
the upper Midwest USA can provide many agronomic and agroecological benefits. Integration is made difficult by short
growing seasons, but may be facilitated by management of key agroecological interactions such as those between rye and
soil microbiota. Rye growth was measured and colonization by arbuscular-mycorrhizal fungi (AMF) was determined in
greenhouse experiments using soils from seven different management systems from a long-term cropping-systems
experiment in southwest Minnesota. Microbial effects on rye growth were not evident before vernalization, but at final
harvest (4 weeks after vernalization) soil microbial populations reduced rye shoot and root growth, relative to a pasteurized
control inoculum. At final harvest, shoot biomass in 2-year rotations was 17% greater than 4-year rotations, indicating that
microbial populations selected for by 4-year rotations may be more deleterious or pathogenic than those selected for by
2-year rotations. Growth of three rye cultivars was examined in all inocula; cultivars differed in their mean response to soil
microbiota and their ability to host AMF. These findings suggest that management factors affect interactions between rye

and soil microbiota resulting in altered rye growth.
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Introduction

Cover crops provide a well-documented range of benefits
including contributions to soil quality and fertility, nutrient
management, erosion control, and pest management'. The
importance of cover crops may increase as societal
expectations of agriculture evolve. For example, cover
crops are likely to be an important strategy for farmers
engaging in carbon trading or modifying management to
meet total minimum daily load (TMDL) requirements.
In the upper Midwest, winter cover crops must be
established during a short temporal window making this
operation both difficult and risky' . Optimal agronomic
functioning of winter cover crops depends on rapid
early biomass accumulation the following spring season.
Adoption of cover-cropping practices would likely
increase if reliability of establishment and biomass
production were increased. Cover-crop breeding* and
development of technology used in cover-crop management
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such as planters and tillage implements may lead to such
increases.

Cover crops interact with many organisms in agroeco-
systems, and serve as critical links in a number of
agroecological processes and cycles’. Through these
interactions, cover crops influence and are influenced by
other elements of biodiversity. Interactions between plants
and soil microorganisms are increasingly recognized as
important factors in agroecosystems®™® and management
of these interactions may offer additional options for
improving the integration of cover crops into cropping
systems.

Analysis of cover crop interactions with soil microbiota
has largely emphasized effects of cover crops on micro-
biota. Cover crops increase total microbial biomass’ ™' and
increase populations of beneficial microbiota such as
arbuscular-mycorrhizal fungi (AMF). Certain cover crops
can provide a live host for AMF colonization during long
winter-fallow periods, thus improving AMF survival and
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subsequent colonization of crops'>'> and crop P

nutrition'®'”. Cover crops have also been shown to both
increase'® and to decrease' the abundance of soil-borne
pathogens. These studies suggest that cover crops may be
important instruments for management of soil microbiota.

Very little is known about effects of beneficial or
pathogenic soil microbiota on cover crops. It is possible
that interactions with soil microbiota positively affect
cover-crop establishment and growth since beneficial
microbiota, such as AMF and growth-promoting rhizo-
bacteria’?*?', can have strong effects on plant growth,
nutrition and stress resistance. Conversely, pathogenic
microbiota are increasingly understood as important limit-
ing factors even when obvious disease symptoms are not
present’**, It is possible that cover-crop establishment and
early biomass accumulation could be improved in cropping
systems managed to increase populations of beneficial
microbiota, and/or to reduce abundance of pathogens that
interfere with cover-crop establishment and growth. In the
only relevant study known to us, large differences occurred
among cropping systems on colonization of winter rye by
AMF?*, supporting the hypothesis that management factors
may influence cover-crop interactions with soil microbiota.
Unfortunately, there appear to be no detailed experimental
investigations of these possibilities in published literature.

In temperate areas rye is frequently chosen by farmers
using winter cover crops, because of a range of desirable
attributes such as winter hardiness, early spring growth and
high biomass production®”. However, in the upper Midwest,
rye establishment following corn or soybean is complicated
by a relatively late planting date. It is therefore important to
identify management factors that could affect rye establish-
ment and growth the following spring season. Accordingly,
we examined how rye responded to soil microbiota from
the Variable Input Crop Management Systems (VICMS)
experiment located at the University of Minnesota South-
west Research and Outreach Center near Lamberton MN.
The VICMS experiment was established in 1989; its
treatments consist of four different management levels
(minimum, low, conventional and organic input levels),
each applied to one 2-year and one 4-year crop rotation.
The experiment was established on a field that had a history
of very few inputs and very low soil P levels. A complete
description of the rotations, management treatments and
associated crop yields was reported by Porter et al.%°. These
varying management systems are likely to cause differ-
entiation among communities of AMF*"*® and other soil
microbiota®~" and certain soil-microbiological differences
among VICMS treatments have been documented. Early in
the VICMS study, AMF spore populations and colonization
rates were higher in low-input than in conventional
treatments>". Recently, others have documented that total
microbial biomass was higher in organic and reduced-input
treatments than in conventional ones®’. In addition to
assessing the net effect of soil microbiota from various
management systems on early growth of rye, we examined
two other related issues. First, we determined AMF
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colonization in rye grown in soils from these management
systems, to assess whether positive or negative effects of
soil microbiota on rye growth were associated with AMF
colonization. Second, we conducted our experiments with
three rye cultivars. It is plausible that effects of soil
microbiota on cover-crop performance might differ among
cover-crop cultivars since such effects generally occur with
field crops®. Little effort has been made to improve
germplasm for cover-crop performance in most cover-crop
species. Therefore, assessment of genetic differences in
relations with soil microbiota is worthwhile, since breeding
to improve these relations might be a useful part of a
multifaceted approach in improving the integration of cover
crops into cropping systems.

Materials and Methods

Two greenhouse studies (Study I and Study II) were
conducted to investigate the growth response of rye to soil
microbiota and association with AMF in soils with varying
management histories. In each study, the experimental
design was a 3 by 8 factorial combination of three rye
cultivars and eight soil inoculums with four rye harvest
dates each with five replicates. Harvest 1 was approxi-
mately 14 days after planting; harvest 2, 28 days after
planting; harvest 3, 14 days after a vernalization period; and
harvest 4, 28 days after vernalization period. Thus, the first
two harvests corresponded to post-establishment growth
before winter, and the latter two corresponded to spring
growth. The entire experiment was conducted twice; with
Study I initiated in fall 2001 and Study II initiated in fall
2002.

The seven inoculum soils from the VICMS experiment
were collected from O to 20 cm soil depth in the fall of 2001
and 2002. These soils are a complex of the Normania,
Revere, Webster and Ves clay loams. Six of the seven
inoculum soils were collected following corn production
from either a 2-year or 4-year rotation, with a minimum
(Min), conventional (Con) or organic (Org) management
system. The seventh inoculum soil was obtained from the
prairie treatment (Prairie), which was sown with a native
prairie species mixture in 1989.

The ‘base soil” used in both Studies I and II consisted of
a 50:50 (by volume) mixture®*> of sand and a Typic
Hapludoll (well-drained silt loam) soil from the Research
and Outreach Center near Rosemount MN. This soil : sand
mixture was steam pasteurized (twice for 60 min at 77°C)
to eliminate soil biota while minimizing soil chemistry
changes®. The base soil mixture was inoculated with
‘inoculum’ soil from each of the seven management
systems (550 : 80, by volume; 15% inoculum) and was also
used to provide a control treatment free of soil-microbiota.
Plastic pots 6.4cm in diameter and 25cm in length were
filled to 22 cm depth with the soil mix. Five rye seeds were
placed in each pot, and covered with approximately 2.5 cm
of soil mix. Seedlings were thinned to three per pot
approximately six days after planting.
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In Study I, plant shoots were clipped approximately 1 cm
above the soil level at each harvest and allowed to re-grow.
Whole plants (roots and shoots) were sampled 1 week after
the fourth harvest, dried (55°C for 72h) and weighed. In
Study II whole plants (roots and shoots) were collected at
each harvest, dried and weighed. Following the first two
sample dates plants were vernalized at 4°C with a cycle of
16 h light and 8 h dark. After vernalization, plants in Study I
were fertilized with approximately 12mlpot™" of 15-0-0
fertilizer. No fertilizer was added in Study II, due to lack of
visual nutrient deficiencies. Nutrient levels in experimental
soil mixes were assessed in soil samples collected for
each soil mixture from Study II after the first and fourth
harvests; soil analyses were conducted by the University of
Minnesota soils testing laboratory.

Harvested roots (from final harvest only for Study I; from
all harvests for Study II) were analyzed for colonization by
AMF. A sub-sample of plant roots was dyed using Aniline
Blue®” and colonization ratios were determined by counting
the presence or absence of AMF structures (hyphae,
arbuscules and vesicles) using a light microscope at
200 x from 100 views per sample. Percent colonization
was calculated based on presence or absence of AMF
structures in each view.

Data were analyzed using SAS (SAS Institute, Cary,
NC). Analysis was done separately for each study due to
heterogeneity of variance. Colonization percent was
transformed using arcsine transformation (arcsine /y) to
normalize data for analysis®®. There were no significant
interactions between soil type and rye cultivar. Single
degree of freedom contrasts were used to determine
estimated differences between management systems, rye
cultivars and combinations of both factors. Contrasts
consisted of the following comparisons: agricultural
systems (without the prairie) versus control, 2-year versus
4-year rotations for each management system and conven-
tional versus minimum versus organic systems averaged
across rotation length.

Results
Shoot and root biomass

In both studies, soil inocula from the various management-
system treatments differed in their effects on shoot biomass
in seven of the eight harvests in the two studies (Table 1).
Shoot biomass production before vernalization (i.e., first
and second harvests), was generally greater in inocula from
organic systems than in inocula from conventional and
minimum-input systems (Table 1). Inocula from 2-year
rotations produced greater pre-vernalization shoot biomass
than 4-year rotations. These effects on early seedling
growth (14 and 28 days after planting) are best explained by
the high nutrient levels present in inocula from organic
rotations. Soil mixes (i.e., inocula plus base soil) from
2- and 4-year organic systems had P at 22 and 15mgkg ™',
respectively, compared to approximately 8 mg kgfl for the
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other soils (Table 2) confirming field observations of high P
levels in these same soils?**2. Field sampling also revealed
a similar pattern of N levels among management systems>>
(N levels were not determined in inoculated soils used in
Studies I and II). Specifically, N values were greatest in the
organic management systems at approximately 16.0 and
8.0 ppm for 2- and 4-year rotations, respectively. Nitrogen
values from the minimum and conventional management
systems were approximately 2.5 and 8.0ppm for both
2- and 4-year rotations, respectively’*>2 The relatively
high nutrient levels observed in organic management
treatments provide a plausible explanation for the more
rapid pre-vernalization shoot growth observed in response
to these soil inocula. Therefore, pre-vernalization results do
not particularly support the hypothesis that microbiological
differences among inocula soils were affecting shoot
growth during this stage. At the final harvest in both
studies, inocula from all management systems reduced
shoot biomass relative to the pasteurized control inoculum
(Table 1). Averaged over management systems this
reduction was approximately 15%. It is unlikely that this
reduction resulted from nutrient differences between the
pasteurized inoculum and cropping system inocula, since
pasteurized inoculum soils had relatively low levels of most
nutrients, despite higher biomass production (Table 2).
Therefore, these results are consistent with the hypothesis
that microbiological differences among inoculum soils
affected post-vernalization rye growth. Shoot biomass at
final harvest was different among management systems
(Table 1). Inocula from 2-year rotations again produced
greater shoot biomass than inocula from 4-year rotations
(Table 1). For example, in Study I, inocula from the 2-year
rotation treatments increased biomass by 19%, relative to
4-year treatments. The positive effect of inocula from
organic systems diminished after vernalization, and had no
significant effect at harvest 4 (Table 1). Again, this pattern
of results is not readily explained by nutrient differences
among inoculum soils (Table 2). Apparently, some non-
nutrient factor differed among these inocula, and these
results are consistent with the hypothesis that microbiolo-
gical differences among soils from different management
systems can substantially affect rye shoot growth.

Relative to the pasteurized inoculum, root biomass
production was also significantly reduced by inocula from
all management systems and from the prairie treatment
(Table 3). However, in contrast to shoot biomass, root
production was not significantly affected by inocula from
management systems.

Rye cultivars differed in overall response to soil inocula
from the management treatments, relative to their growth in
the pasteurized control. Specifically, contrasts comparing
mean shoot biomass production in management-system
inocula to the pasteurized control were different among
cultivars at three of four harvests in Study I and two of four
harvests in Study II (Table 4). In particular, differences
existed among cultivars at the fourth harvest in both
studies; these were particularly pronounced in Study II
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Table 2. Soil nutrient concentrations at the first harvest from Study II for soil mixtures inoculated with soils from seven management

systems and one pasteurized control.

Nutrient concentrations

Soil P K Ca Mg Na Fe Cu Mn Zn
mg kg ™!
2-year Con 6 44 1110 220 8 19 0.3 7 0.7
2-year Min 7 52 1333 281 6 37 0.4 14 1.3
2-year Org 22 79 1513 270 12 26 0.4 10 1.9
4-year Con 11 58 1616 281 4 38 0.6 24 2.4
4-year Min 9 42 1201 212 2 29 0.5 36 1.1
4-year Org 15 62 1260 227 6 30 0.5 19 2.2
Prairie 10 66 1546 280 5 33 0.6 22 1.6
Control 7 25 691 134 7 21 0.3 8 0.9

In the latter study, inocula from the management systems
reduced shoot biomass production more sharply in the two
cultivars that had greater overall biomass production
(Homil21 and Rymin; results not shown) than in the less
productive cultivar Dacold (Table 4). As noted above,
shoot-biomass differences at the final harvest between the
pasteurized control treatment and the mean of soil inocula
from the management-system treatments at the final harvest
were most likely due to effects of soil microbiota,
supporting our inference that the rye cultivars differed in
their mean response to the presence of soil microbiota.
There was no difference among cultivars in their response
to the inocula from the management systems at any harvest,
thus the cultivars did not show any differential sensitivity to
nutrient or microbiological differences among these
systems.

AMF colonization

Root samples from all four harvests (from Study II)
indicated that little colonization occurred prior to the third
sampling date, rising to moderate levels thereafter (results
from three harvests not shown). At final harvest, AMF

Table 3. Root biomass averaged across three rye cultivars grown
in soils from soil mixtures inoculated with soils from seven
management systems and one pasteurized control at final harvest
(159 days for Study I and 114 days for Study II).

Study I Study II
Soil e AT s) s (e —
2-year Con 109 158
2-year Min 116 147
2-year Org 106 150
4-year Con 104 146
4-year Min 106 149
4-year Org 93 177
Prairie 116 113
Control 223% 201%*

* Significantly different from all other soils at P <0.05.
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colonization was affected by soil inoculum source (Table 5).
Colonization was greater in Study I averaging 8.8%,
compared with the Study II average of 5.6% (Table 5).
Highest levels of colonization occurred with 2-year
conventional soils, which averaged 18.7 and 7.2% coloni-
zation, and 4-year minimum soils, which averaged 12.8 and
7.5% colonization, in Studies I and II, respectively. In both
studies, the lowest colonization levels were observed in
inocula from organic systems, which had high P levels.
Colonization levels in soils from organic systems were
reduced relative to soils from conventional and minimum
systems in Study I (Table 5). In Study I, 2-year rotations
had higher colonization than 4-year rotations while in Study
IT 4-year rotations had slightly greater infection (Table 5).
Colonization levels were also different among rye cultivars
in Study I, where Homil21 had greater colonization levels
than the other two rye cultivars (Table 6). However, no
significant cultivar effects were evident in Study II where
colonization rates were lower (Table 6).

Discussion

Inocula from different management-system treatments in
the VICMS experiment had considerably different effects
on rye shoot biomass production after vernalization. We
note that our results do not definitively refute the hypothesis
that differences in nutrient concentrations (or other
chemical or physical factors) rather than differences in soil
microbiota are the cause of the observed differences in rye
growth. In fact, the different effects of inocula on
pre-vernalization growth could be plausibly explained by
nutrient level differences. After vernalization, however,
inocula effects on growth are not well explained by nutrient
differences; therefore, these effects most likely resulted
from differences in some non-nutrient factor, highlighting
the probable role of soil microbiological differences among
inocula.

We found that soil inocula from all VICMS management
systems reduced post-vernalization growth of rye. This
result suggests that under field conditions, the net effect of
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Table 4. Mean reduction in rye shoot biomass associated with soil inocula from management system treatments (i.e., difference from

pasteurized control) for three rye cultivars.

Study I Study II
Harvest 1 Harvest 2 Harvest 3 Harvest 4 Harvest 1 Harvest 2 Harvest 3 Harvest 4
Variety mg plant '
Dacold 3.1 -14.8 -325 -553 32 33 -30.9 -12.1
Homil21 4.8 -4.9 1.5 -45.0 6.9 4.5 -2.3 -74.5
Rymin 3.6 -73 19.6 -39.7 8.3 59 1.5 —-39.2

! Not significant at P<0.05.

* Significant at P <0.05; ** significant at P <0.01; *** significant at P <0.001.

soil microbiota in any of these cropping systems would be
to impede rye growth, presumably due to the accumulation

of some deleterious
Accumulation of such sub-lethal pathogens

or pathogenic microbial agent.

is often

suspected as a factor in yield decline in short-rotation or
monoculture cropping scenarios®®. However, previous to
this study, rye had not been grown in any treatment of the

VICMS experiment, and therefore it would be

somewhat

surprising if pathogens affecting rye occurred in all VICMS
treatments. It is also possible that the observed negative

effects of soil microbiota represent parasitic

effects of

microbes that can have important positive effects at certain
growth stages. For example, AMF may be net parasites at

most stages of plant growth, yet have highly
effects when mycorrhizal plants encounter a

beneficial
variety of

Table 5. Arbuscular mycorrhizal fungi colonization averaged
across three rye cultivars from soil mixtures inoculated with soils
from seven management systems and one pasteurized at final
harvest (159 days for Study I and 114 days for Study II).

Study I Study II
Soil %
2-year Con 18.7 7.2
2-year Min 8.5 34
2-year Org 6.9 2.9
4-year Con 5.8 5.8
4-year Min 12.8 7.5
4-year Org 1.9 5.0
Prairie 7.2 7.3
Control 0.5 0.2
P>F skskosk sksksk
Contrasts
Con versus Min 0.02 NS’ 0.07 NS
Con versus Org 2.00%** 0.35%*
Min versus Org 1.60%#%%* 0.10 NS
2-year versus 4-year 0.77%%* —0.15%*
2-year Con versus 4-year Con 4.10%%* 0.08 NS
2-year Min versus 4-year Min ~ —0.47 NS — (.84
2-year Org versus 4-year Org 1.60* -0.30*

! Not significant at P<0.05.

* Significant at P < 0.05; ** significant at P < 0.01; *** significant
at P <0.001. Analysis was conducted on arcsine /y transformed

data.
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stress factors*®. Likely, rye plants did not experience
significant stress factors in our experiment; thus full
evaluation of effects of soil microbiota will require
assessment of how cover crops are affected by microbiota
during periods when cover crops typically experience
growth-limiting stress factors.

Our finding that soil microbiota reduce rye growth
highlights the question of whether there are practical
management methods that can improve soil quality for rye
cover cropping by lessening negative soil microbiotic
effects on rye growth. Diversification may be one such
option, since there are indications that beneficial soil
microbiota accumulate in more diversified cropping
systems*"*2. Our results do not support that hypothesis;
we found that inocula from longer and more diversified
rotations exerted more negative effects on rye than shorter
rotations. These effects of rotation length on rye growth
could be mediated by the size of the microbial community.
A study on VICMS determined that microbial biomass was
greater in the 4-year rotations compared with the 2-year
rotations®?, and if rhizosphere microbial communities
are correspondingly larger in longer rotations, these
communities may exert a larger cost to rye plants.

Table 6. Arbuscular mycorrhizal fungi colonization averaged
across soils from soil mixtures inoculated with soils from seven
management systems at final harvest (159 days for Study I and
114 days for Study II).

Study I Study II

Cultivar %

Dacold 1.5 4.5

Homil21 19.0 6.1

Rymin 8.5 59

P>F ok Ns’
Contrasts

Rymin versus Dacold 7.0%%* 1.4

Rymin versus Homil21 — 10.5%** -02

Homil21 versus Dacold 17.5%%%* 1.6

! Not significant at P<0.05.
*#*% Significant at P <0.001. Analysis was conducted on arcsine
\/y transformed data.
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We also found no evidence that organic management
methods increased the beneficial effects of soil microbiota
on rye growth, relative to conventional or minimum-input
methods. These results indicate that while diversified
rotations and high-organic matter inputs may have a variety
of beneficial effects on soil health and quality®®, there is no
guarantee that these management approaches will benefi-
cially affect soil microbiotic communities in all instances.

The small sample of rye germplasm that we examined
responded differently to the soil microbiota populations
within each management system. Therefore, our results
provide some support for the hypothesis that integration of
rye cover crops into cropping systems could be improved
by capitalizing on favorable interactions between rye
cultivars and soil biota. A more thorough test of this
possibility would require a broader sample of rye
germplasm and an effort to identify situations where
agronomically useful interactions occur between soil
microbiota and particular rye cultivars, e.g., when stress
factors are operant. We also observed variation among rye
cultivars in colonization by AMF. Possibly, the more
heavily colonized cultivars are more effective hosts for
agronomically beneficial AMF taxa, although host effec-
tiveness cannot be inferred from colonization level alone™**.
Given that cover crops have been shown to increase the
abundance of AMF and beneficial effects of AMF on
crops'>'*!7 it would be prudent to screen cover crop
cultivars for AMF colonization to identify and perhaps
avoid cultivars that have low AMF colonization. Rye
cultivars that are highly effective hosts for AMF might
improve benefits provided by rye, such as N uptake’,
during the limited period available for rye cover-crop
growth in the upper Midwest. Highly effective hosts might
also increase the abundance of agronomically beneficial
AMF during a limited growth period compared to cultivars
that are less effective hosts.

In summary, inoculum soils from different VICMS
management systems had different effects on rye growth
and AMF colonization. In particular, inocula from 4-year
rotation treatments reduced rye biomass more strongly than
inocula from 2-year rotations, possibly reflecting effects of
larger microbial communities in extended rotations. Rye
cultivars responded consistently to management systems
but differed in respect to AMF colonization, suggesting that
certain cover-crop cultivars may provide more beneficial
agroecological services to cropping systems. Our results
suggest that soil microbiota, selected for by specific
management systems, can influence cover-crop growth
and AMF colonization. Our findings also suggest the
importance of further work to determine how soil microbial
communities could be managed to improve integration of
cover crops into cropping systems in the upper Midwest.
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