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Influence of Soil Moisture Stress on Vegetative Growth and Mycorrhizal
Colonization in Hound’s-tongue (Cynoglossum officinale)

Mina Momayyezi and Mahesh K. Upadhyaya*

Hound’s-tongue is an invasive, biennial weed that thrives in dry rangelands of British Columbia.
Rosette formation in the first year of growth and a deep root system offer this weed a competitive
advantage against associated grasses under dry conditions. To study effects of water stress on seedling
growth and mycorrhizal colonization in hound’s-tongue, seedlings of this weed were grown in pots
in a greenhouse and subjected to four (100, 80, 60, and 40% of field capacity) soil moisture treat-
ments. Effects of soil moisture stress (SMS) on several growth parameters as well as mycorrhizal
colonization of roots were studied. The total biomass, shoot and root fresh and dry weights, leaf
number, petiole length, leaf area, and specific leaf weight (leaf dry weight per unit leaf area)
decreased with increasing SMS; shoot and root water content was not affected. Because of a greater
effect of SMS on root compared with the shoot biomass, shoot:root ratio increased as the moisture
stress increased. Water stress decreased mycorrhizal colonization and arbuscule and vesicle
abundance. A reduction in total biomass, leaf number and leaf area per plant, petiole length, and
mycorrhizal colonization may reduce the competitive advantage of hound’s-tongue over its neighbors
under drought conditions. The effect on plant size may also influence herbivory, by biocontrol
agents and other herbivores, and fecundity of this weed.
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Soil moisture stress (SMS) is a major factor
limiting plant productivity in dry rangelands of
British Columbia. Response to SMS depends on the
species, stage of the life cycle, and the severity of
stress. Plant species use a variety of mechanisms to
deal with this stressor (Bray 1997; Chaves et al.
2002; Hsiao 1973). Knowledge of how SMS
influences growth parameters of a species, which
could impact its interaction with biotic and abiotic
environments, is important to understanding its
performance under drought conditions.

Hound’s-tongue (family Boraginaceae) is a
biennial or short-lived perennial weed, a native of
Eurasia and Asia. This invasive weed is found in
several provinces of Canada and thrives mostly under
dry rangeland conditions (Boorman and Fuller
1984; Upadhyaya et al. 1988; Upadhyaya and
Cranston 1991). In addition to competition for
resources and allelopathic influence (Furness et al.
2008), which could reduce yield of associated
grasses, this weed contains pyrrolizidine alkaloids,
which are poisonous to livestock (Baker et al. 1989;
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Knight et al. 1984; Upadhyaya and Cranston 1991).
Rosette formation in the first year of establishment
and a deep root system provide competitive advan-
tage to this weed against associated grasses under dry
rangeland conditions. Upadhyaya and Furness
(1994) studied effects of SMS on hound’s-tongue
leaf-surface morphology and reported that neither
the abundance nor the morphology of trichomes on
leaf surface plays any significant role in acclimation
of this weed to drought conditions. Beyond this
research, little information is available on how SMS
influences various growth parameters of hound’s-
tongue that could influence its interaction with
associated species.

The term “mycorrhiza” refers to a symbiotic
relationship between a plant and a soil-borne fungus
in which the plant provides resources for growth of
the fungus, which in turn helps the plant acquire
water and nutrients from the soil. Mycorrhizal
fungi play an important role in uptake of nutrients
(particularly phosphorus), stimulate plant growth and
productivity, increase drought tolerance and sub-
sequent recovery from water stress, improve water use
efficiency and the ability of plants to extract water
from the soil, and offer protection against soil-borne
pathogens (Barea et al. 2005; Boomsma and Vyn
2008; Kaya et al. 2003; Johansson et al. 2004;
Subramanian et al. 1995). SMS has been reported to
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influence mycorrhizal colonization in some but not all
plant species (Busso et al. 2008; Wu and Xia 2000).
While it has been reported that hound’s-tongue is a
mycorrhizal weed (Pendleton and Smith 1983),
whether SMS influences colonization of roots of this
weed by arbuscular, vesicular mycorrhizal fungus is
not known.

The objectives of this study were: (1) to study
effects of SMS on important vegetative growth
parameters of hound’s-tongue and (2) to determine
whether SMS influences mycorrhizal colonization of
this weed. This information is necessary to improve
our understanding of the ecophysiology of this
serious rangeland weed.

Material and Methods

Hound’s-tongue nutlets collected at Lethbridge,
AB (49.69°N, 112.84°W) were soaked in water for
2 to 3 h, and a dissecting needle was used to remove
the pericarps and seed coats from the embryos. The
embryos were placed on two 11-cm-diameter
Whatman No.1 filter disks wetted with 2ml of
deionized distilled water in 9cm petri dishes for
48 to 72h under laboratory conditions. Seedlings
with  >5-mm-long radicles were planted in
14-cm-diameter pots containing a sandy-loam
potting soil with 6% organic matter in the Horti-
culture Greenhouse of the University of British
Columbia, Vancouver, BC (49.26°N, 123.25°W)
under natural light supplemented with high-
pressure sodium lamps (10hd™"; minimum photo-
synthetically active radiation: 400 uE m™*s™") and at
22 to 28 C temperature. Seedlings were thinned to
one per pot and given SMS treatments starting at the
third true-leaf stage, as described in the following
section. Natural, soil-borne spores were the source of
mycorrhizal inoculum.

SMS Treatments. Hound’s-tongue seedlings were
given four SMS (100, 80, 60, and 40% of field
capacity [FC]) treatments. To determine the soil
moisture content at the FC, 300 g (four replications)
soil was watered to saturation (point of no additional
water absorption) and drained for 24 h, and its
percent moisture content was calculated by weighing
it before and after drying at 60 C for 72h. The
amount of soil moisture to achieve 80, 60, and 40%
FC was calculated, and the various soil moisture
treatments were achieved by adding an appropriate
amount of water to a fixed weight of soil. The soil
moisture content at 100, 80, 60, and 40% FC was
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approximately 0.348, 0.191, 0.126, and 0.084 m™
water m ™ soil, respectively. The soil water content
during the experiment was measured using a
ProCheck soil moisture sensor (Decagon Devices,
Pullman, WA) every second day during the experi-
ment, and water was added as necessary to maintain
the desired moisture levels.

Preparation of Roots for Observing Mycor-
rhizae. Hound’s-tongue rosettes were harvested 8
wk after the start of SMS treatments. The roots were
separated from the shoots and washed thoroughly
under running tap water to remove soil. To measure
mycorrhizal colonization, roots were cut into 2cm
fragments, placed in 50 by 30 by 5mm plastic
cassettes (TRUFLOW Biopsy Cassettes, Fisher
Scientific, Toronto, ON), and boiled in 10% KOH
for 3 to 5 min. The cassettes were washed under tap
water, immersed in 3% HCI for 2 min, and washed
under running tap water and then with deionized
distilled water. The roots were removed from
the cassettes and stained with 0.05% trypan blue
(Sigma-Aldrich, St. Louis, MO) in deionized
distilled water, glycerol, and lactic acid (1:1:1) solu-
tion (Cao et al. 2013; Gange et al. 1999). The
stained roots were observed under a Leica DM750
microscope (40x; Leica Microsystems, Concord,
ON), and mycorrhizal colonization and percent
arbuscule and vesicle abundance were measured
using the scoring procedure described by Trouvelot
etal. (1986). There were 10 replications of one plant
each per treatment. Mycorrhizal colonization and
arbuscule and vesicle abundance in five 2-cm-long
root segments from each plant were recorded, and
averages were calculated.

Effect of SMS on Hound’s-tongue Growth.
Plant, root, and shoot fresh biomass were recorded.
Roots and shoots were weighed before and after
drying at 60 C for 48 h to measure their dry biomass,
and the percent moisture content was calculated.
Leaf number per plant was recorded. Leaf greenness
(three readings per plant for the youngest true leaf),
leaf area per plant, and petiole length were measured
using a SPAD-502Plus chlorophyll meter (Konica
Minolta Optics, Ramsey, NJ), a leaf area meter, and
a Vernier calliper, respectively. The SPAD-502Plus
determines leaf greenness, an indicator of relative
chlorophyll content, by measuring leaf absorbance
in blue (400 to 500 nm) and red (600 to 700 nm)
wavelength regions. The specific leaf weight (SLW;
dry leaf biomass [g] per leaf area [cm?]) was
calculated.
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A completely randomized design with 10 replica-
tions of one plant each per SMS treatment was used.
The experiment was conducted twice. All data were
subjected to analysis of variance using the general
linear model (GLM) procedure of the SAS software
(version 9.2; SAS Institute 2009). Data were
checked for normality and uniformity of variance
and were transformed as needed. Multiple mean
comparisons were run using the GLM procedure of
SAS (P = 0.001, Bonferroni adjustment) and the
P value was adjusted for the number of #tests. Since
there were significant treatment by experiment
interactions for most of the parameters observed,
results of both experiments are presented.

Results and Discussion

Effect of Soil Moisture Level on Plant Growth.
Hound’s-tongue plant fresh biomass decreased
with decreasing soil moisture level (P <0.001)
(Figure 1A). Compared with 100% FC, plants at 40
and 60% FC were 87 and 70% smaller on a fresh
biomass basis in experiment 1 and 84% and 60%
smaller in experiment 2, respectively. While the
plants in experiment 2 were shorter compared with
experiment 1, effects of soil moisture level on plant
shoot and root biomass were generally similar. SMS
reduced hound’s-tongue plant biomass due to
reductions in both the shoot and the root biomass;
both shoot and root fresh and dry weights decreased
with decreasing soil moisture level (P <0.001)
(Figure 1B, C). Interestingly, as soil moisture level
decreased, the shoot to root biomass ratio (S:R)
increased significantly. S:R of hound’s-tongue plants
grown at 100, 80, 60, and 40% FC were 0.35, 0.61,
1.00, and 1.41, respectively, in experiment 1, and
0.50, 0.82. 0.91, and 1.44, respectively, in experi-
ment 2. This suggests that the reduction of hound’s-
tongue root dry biomass with increasing SMS was
much greater compared with that of the shoot dry
biomass, resulting in an increase in the S:R ratio.
Except for a significant (P <0.001) reduction in
shoot water content at 40% FC compared with all
other SMS treatments in experiment 2, soil moisture
level did not influence the shoot or root water con-
tent (Figure 2).

The leaf area and the number of leaves per plant
decreased as soil moisture level decreased from 100
to 40% FC (P<0.001) (Figure 3A). In both
experiments, the plants grown under 40% FC had
38% shorter petioles compared with those grown at

100% FC (P<0.001) (Figure 3B). The SLW was
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Figure 1. Effect of soil moisture level (% of FC) on hound’s-tongue
(A) plant, (B) shoot, and (C) root fresh ( ) and dry (- - - -)
biomass; (®) and (o) indicate results of experiments 1 and 2,
respectively. Values are means + SE of 10 replicates of one plant each.

lower for plants grown under 40% FC compared
with 100% FC in both experiments (P <0.001)
(Figure 3C). The leaf greenness (chlorophyll meter
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Figure 2. Effect of soil moisture level (% of FC) on (A) shoot and
(B) root water content of hound’s-tongue plants; (®) and (o)
indicate results of experiments 1 and 2, respectively. Values are
means + SE of 10 replicates of one plant each.

reading) for plants grown under 100% FC was
slightly lower compared with those at 80% FC, but
this decline was significant (P <0.001) only in
experiment 2 (Figure 3D). Since experiment 1 of
this study was conducted in July and August, and
experiment 2 was conducted in October and
November, the difference in plant growth in the
two experiments could be due to the difference in
light intensity, day length, and temperature condi-

tions between the summer (July and August) and
fall (October and November) in Vancouver, BC.

110 « Weed Science 65, January—February 2017

https://doi.org/10.1614/WS-D-16-00058.1 Published online by Cambridge University Press

The day length dropped from 14 to 10h from
August to October and the greenhouse temperature
from 28 to 22 C.

Hound’s-tongue is a serious rangeland weed of
BC and some other parts of the world (Upadhyaya
and Cranston 1991; Upadhyaya et al. 1988). It
infests relatively sunny and dry regions of BC
(Upadhyaya et al. 1988). Success of this weed under
dry rangeland conditions has been attributed to its
deep root system, which provides a competitive
advantage against shallow-rooted grasses. The effects
of SMS on early hound’s-tongue growth reported in
this study have several ecological implications for this
weed under dry rangeland conditions. The plants
with lower leaf area and shorter petiole are expected
to be less competitive because of their lower canopy
coverage to shade shorter associated species
(Tremmel and Bazzaz 1993, Weijschedé et al.
2000). In addition to impacting the dominance of
hound’s-tongue over other species, water stress could
also impact survival and distribution of this weed in
rangelands. De Jong and Klinkhamer (1988)
reported a positive correlation between survival of
hound’s-tongue seedlings and water content in the
top 10cm of soil under field conditions; seedling
survival was found to improve upon watering. They
suggested that soil moisture availability was one of
the main factors in determining the spatial distribu-
tion of hound’s-tongue in the coastal sand dunes
of Meijendel, the Netherlands. However, in our
pot-culture, greenhouse experiments, no plant
mortality was observed. Because effects of environ-
mental factors during the juvenile phase of plant
development are important in determining sub-
sequent survival, distribution, and domination of
adult plants, we limited our investigation to only the
first 8 wk of the hound’s-tongue life cycle. Even a
small advantage during this phase can be pivotal in
determining the subsequent success of this weed.
Smaller plants produced at high SMS (40 and 60%
FC) are also expected to produce a fewer seeds per
plant, which may impact the persistence of
this weed.

Plant size has been reported to be related to
aboveground herbivory (Rowell-Rahier 1984;
Tiritilli and Thompson 1988; van der Meijden
et al. 1988). In a study of the relationship between
hound’s-tongue plant size and root herbivory by the
root weevil Ceuthorhynchus cruciger, Prins et al.
(1992) found that attacks by this insect pest were
highly size dependent. Weevils preferred larger
compared with smaller plants; a higher percentage
of flowering plants were infested as the root crown
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Figure 3. Effect of soil moisture level (% of FC) on hound’s-tongue (A) leaf area (

) and leaf number (- - - -) per plant, (B) petiole

length, (C) specific leaf weight, and (D) leaf greenness (chlorophyll meter reading); (®) and (0) indicate results of experiments 1 and 2,
respectively. Values are means + SE of 10 replicates of one plant each.

diameter increased. Weevil attack significantly
reduced seed production in terms of both number
and weight of seeds per unit plant weight. Larger
hound’s-tongue plants produced at higher FCs
are therefore expected to attract more herbivores,
which could influence resource allocation for seed
production. Water stress has been reported to
influence feeding and oviposition by beet army worm
(Spodoptera  exigua) in Palmer amaranth pigweed
(Moran and Showler 2005). Changes in leaf chemistry
can influence insect feeding, growth, and/or reproduc-

tion (Mattson and Haack 1987; White 1984).
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We have found that SMS influences feeding pre-
ference and the biomass of grasshoppers feeding on
hound’s-tongue leaf disks, which could be related to
the increase in leaf disk N content with increasing
SMS (Momayyezi 2012).

Rosette leaves of hound’s-tongue have been
reported to contain high concentrations of the
pyrrolizidine alkaloids heliosupine, acetyl-heliosupine,
and echinatine (Knight et al. 1984; Upadhyaya et al.
1988). Concentration of these alkaloids, which are
responsible for livestock poisoning, can reach as high

as 2.1% on the dry weight basis. These alkaloids also
111
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Figure 4. Effect of soil moisture level (% of FC) on (A)
mycorrhizal colonization and (B) arbuscule and (C) vesicle
abundance in the mycorrhizal part of roots; (®) and (o) indicate
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have antifeedant and deterrent effects against
generalist herbivores (Van Dam et al. 1995). Water
leachate of hound’s-tongue leaves and embryos has
been reported to exert allelopathic influence on
associated rangeland grasses (Furness et al. 2008;
Rashid et al. 2005). Whether SMS influences
poisoning and/or allelopathic potential of leaves of
this weed remains to be investigated.

Effect of Soil Moisture Level on Mycorrhizal
Colonization. The results of this study show that
SMS has a strong negative influence on mycorrhizal
colonization and arbuscule and vesicle abundance in
hound’s-tongue roots. Soil moisture level influenced
mycorrhizal colonization significantly (P <0.001) in
both experiments (Figure 4A). It increased linearly as
soil moisture level increased from 40 to 100% FC
(Figure 4A). Mycorrhizal colonization of roots of
plants grown under 100% FC was 6-fold higher
compared with those grown at 40% FC. Similarly,
arbuscule and vesicle abundance also increased as soil
moisture level increased from 40 to 100% FC in
both experiments (P <0.001) (Figure 4B, C).
Mycorrhizal colonization and arbuscule and vesicle
abundance were generally lower in the second
experiment compared with the first, and the increase
in arbuscule abundance with increasing soil moisture
level appeared to be curvilinear in both experiments.
Interestingly, the magnitude of impact of SMS was
greatest on mycorrhizal colonization, followed by
arbuscule and vesicle abundance, in that order. This
could be because the fungus colonizes the roots
first, forms arbuscules, and then vesicles, which are
storage structures particularly for lipids (Peterson
et al. 2004). The influence of SMS on mycorrhizal
colonization could be due to a drought-induced
reduction in the supply of photosynthate from the
shoot to the roots, production of a messenger in the
shoot that is transmitted to the roots, a direct effect
on the roots, hyphal desiccation in dry soil, inhibi-
tion of fungal spore germination in soil, and/or
inhibition of root infection (Augé 2001; Querejeta
et al. 2007). Pyrrolizidine alkaloids have been
reported to inhibit fungal mycelium growth (Hol
and van Veen 2002). Whether alkaloids found in
hound’s-tongue are involved in the influence of SMS
on mycorrhizal colonization of its roots or in the
allelopathic effect of this weed on its neighbors
remains to be investigated. Regardless of the
mechanism involved, a reduction of mycorrhizal
colonization of roots of this weed by SMS in com-
bination with a decrease in root biomass can reduce
competitive ability of this weed against its neighbors.
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The effect of mycorrhizal colonization on competi-
tive interaction of hound’s-tongue with associated
species would, of course, depend on the species
present in the mixture (mycorrhizal vs. nonmycor-
rhizal) and their response to mycorrhizal coloniza-
tion (Allen and Allen 1984, 1990; Benjamin and
Allen 1987; Crush 1974; Fitter 1977; Hall 1978;
Harnett et al. 1993; West 1996).

This study characterizes the influence of SMS on
seedling growth and mycorrhizal colonization of
hound’s-tongue roots, which can potentially affect
the weed’s survival, competition and allelopathic
interactions, root functions, fecundity, persistence,
and biological control. The results of this study show
that SMS influences a variety of plant growth
parameters and mycorrhizal colonization of roots in
hound’s-tongue, a serious rangeland weed of BC.
These effects include reductions in total biomass,
fresh and dry weight of shoots and roots, leaf area,
SLW (leaf dry weight per unit leaf area), leaf number
and petiole length, percent mycorrhizal colonization,
and the abundance of arbuscules and vesicles in the
colonized parts of the root. These effects may impact
interaction of hound’s-tongue with its nonmycor-
rhizal neighbors or with species that are mycorrhizal
but affected to a different extent by the SMS
compared with this weed.
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