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ABSTRACT

Cinnamomum migao plants often face different degrees of drought in karst habitats, which
can lead to plants’ death, especially in the seedling stage. Widespread of arbuscular mycor-
rhizal (AM) fungi in karst soils have the potential to address this drought, which is a threat
to C. migao seedlings. We inoculated C. migao seedlings with spores from Glomus lamello-
sum and Glomus etunicatum, two AM fungi widely distributed in karst soils, to observe seed-
ling growth response after simulated drought. Our results showed that 40g of G. lamellosum
and G. etunicatum significantly promoted the growth of C. migao seedlings, 120 days after
inoculation. Following a 15-day drought treatment, root colonization of the seedlings with
G. lamellosum or G. etunicatum had lower the accumulation of malondialdehyde (MDA) and
increased the accumulation of enzymes and osmotic substances in the seedlings. The rela-
tive water content in different organs (roots, stems, and leaves) of the drought-stressed
seedlings was higher in plants with G. lamellosum or G. etunicatum than in plants without
AM fungi colonization. Our results showed that inoculation with AM fungi was an effective
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means to improve the drought resistance of C. migao seedlings.

1. Introduction

One of the main challenges facing today in natural
resources is water shortage caused by the increasing
human population and global climatic change. The
Intergovernmental Panel on Climate Change (IPCC)
concluded that rising greenhouse gas concentrations
lead to general dryness in subtropical regions by the
end of this century [1], which will increase drought
pressure in forest ecosystems and the global short-
age of water resources, threatening the natural
regeneration of sustainable forests [2]. Similarly, glo-
bal climate change has exacerbated drought in karst
areas [3], and even when rainfall is sufficient, water
holding capacity of the retained soil field can only
be used by plants to maintain transpiration for
7-14 days, and the degree of drought is similar to
that of long-term dry regions [4,5]. The karst habi-
tat in southwest China has high-rock exposure, shal-
low and discontinuous soil layers, and frequent
substantial drought [6].
restricts the growth and distribution of plants in

Frequent drought stress

this area. Low-survival rate and poor plant growth
are commonly observed during vegetation restor-
ation in karst regions [7].

Cinnamomum migao H. W. Li is a medicinal
plant, endemic to southwest China and is only dis-
tributed in the dry and hot valleys of the karst tran-
sition zone of the three southwestern provinces [8].
C. migao fruits are important raw materials for the
pharmaceutical industry and are also used as spices
[5]. However, the harvest and utilization of C. migao
resources has caused its wild population to become
scarce [9]. Artificial planting is an important means
to protect C. migao populations in the wild and to
address resource shortages. However, the land avail-
able for planting in southwest China is mostly karst,
with serious rocky desertification and with a weak
soil water retention capacity [10,11]. In the early
stage of afforestation in the karst region, seedlings
often face high-arid conditions, impairing their abil-
ity to grow normally. Thus, understanding how to
improve the drought resistance of C. migao seed-
lings is important for artificial cultivation in karst
regions [11,12].

Previous research has shown that the symbiotic
relationship between plants and arbuscular mycor-
rhizal (AM) fungi, which are widespread in karst
soils, can enhance the drought resistance in most
plants [13,14]. AM fungi form stable symbiotic rela-
tionships with plant roots, and the extended hyphae
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can increase the plant’s water-use efficiency. At the
same time, these relationships can regulate plant
metabolism (such as antioxidant enzymes and per-
oxides) to alleviate drought damage to plants,
thereby improving the tolerance of plants to drought
stress. This phenomenon has been observed in C.
camphora and C. bodinieri [15,16]. Furthermore,
previous research has confirmed that C. migao can
co-exist with some AM fungi [17]. If AM fungi
symbiosis with C. migao seedlings to improve the
drought resistance of the plant, then this will
improve our ability to artificially cultivate C. migao
in karst regions.

In the present study, we selected Glomus lamello-
sum and Glomus etunicatum, which can colonize
the roots of C. camphora and C. erinaceum, to
inoculate seedlings of C. migao. The aim of our
study was to explore whether AM fungi improved
the drought resistance of C. migao seedlings and to
provide a feasible strategy for their artificial cultiva-
tion in karst regions.

2. Materials and methods
2.1. Materials

2.1.1. Aseptic seedlings of C. migao

Cinnamomum migao seeds with uniform size and
particle size were selected and treated with
200mg L' of Gibberellic acid or Gibberellic A3
(GA3) solution for 48 h. The surface was disinfected
with 5% NaClO for 10min and rinsed with sterile
water for four times. The sand was stored in a con-
stant temperature climate chamber at 25°C for ger-
mination. After 20 days of seed germination, the
seedlings
for planting.

were removed from the incubator

2.1.2. AM fungi

Glomus. lamellosum and G. etunicatum were pur-
chased from the Beijing Academy of Agriculture
and Forestry (China) and were derived from the
propagation of Oxalis corniculata. The soil com-
prised of spores, hyphae, and mycorrhizal segments
on culture medium, and every 20 g of soil contained
about 60 spores.

2.1.3. Cultivation substrate

Lime soil (passed through 10-mesh sieve to remove
stones and other residue), river sand (particle size
0.7-1mm), and perlite (particle size 2-4 mm) were
mixed in a volume ratio of 5:1:1 mm>. The mixture
was sterilized continuously for 2h at 0.14 MPa and
121°C [18].
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2.2. Experimental design

Glomus lamellosum and G. etunicatum were inocu-
lated into C. migao seedlings separately with five inocu-
lation amounts: 0 (control), 20, 40, 60, and 80g. The
container was a plastic basin with a hole in the bottom
(inner diameter of the bottom, 24 cm; inner diameter
of the basin, 29 cm; height, 27 cm). Sterile seedlings of
60 days old with the same growth progress (26+2cm
in height and 6+0.5 leaves) were inoculated. After
inoculation with AM fungi, during the seedling man-
agement period, there was no shading treatment. When
the evaporation was strong, 300 ml distilled water was
poured into each pot for 1day. When the evaporation
was weak, 300 ml distilled water was poured into each
pot for every 3 days, until 150 days after seedling
growth. According to previous research on drought tol-
erance, 1-year-old C. migao seedlings reach their endur-
ance limit when the actual soil water content is about
5% [9]. Therefore, the C. migao seedlings were treated
with natural drought stress for 15 days, based on the
actual soil water evaporation in the test site.

Seedling height and crown width were measured
with a tape measure (precision 0.0l cm), and the
stem diameter was measured with a Vernier caliper
(precision 0.02mm). To measure biomass, the com-
plete seedlings were separated into roots, stems, and
leaves, and the fresh weight was measured. Then,
they were oven dried at 85°C for 30 mins, and then
cooled to 70°C and baked to a constant weight, to
determine the dry weight [19].

The relative water content of leaves was calcu-
lated using the following equation:

FW—-DW
SFW — DW

where RWC is the relative water content, FW is the
fresh weight, DW is the dry weight, and SFW is the
saturated fresh weight of the leaves [20].

Soluble sugar, soluble protein, proline, malondial-
dehyde (MDA), superoxide dismutase (SOD), cata-
lase (CAT), and peroxidase (POD) were measured
using traditional methods [21].

The mycorrhizal infection rate was determined
according to the method of [22]. Trypan blue and
acid fuchsin were used for staining, and the colon-
ization rate was expressed by the length of root col-
onization as follows:

RWC = x 100%,

Length of colonization root segments

lonizati =
colonization(%) Root segment length

x 100

2.3. Statistical analysis

Inter-group difference test (Tukey test) and the
Spearman correlation analysis at different indicators
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Figure 1. Colonization of arbuscular mycorrhizal fungi in the roots of Cinnamomum migao seedling. (a) Glomus lamellosum,
(b) Glomus etunicatum, (c) and (d) Seedling growth under different treatments.

were analyzed by using SPSS (version 22.0) with
p <0.05 indicate significant differences. All data vis-
ualizations are plotted using Origin (2019; Origin
Lab, Northampton, MA, USA).

3. Results

3.1. Colonization rate and growth response of
AM fungi after inoculation

After 120 days of inoculation, G. lamellosum or G.
etunicatum were colonized successfully in all the
treatments (Figure 1). In general, increasing the
amount of inoculation promoted the infection rate
of G. lamellosum or G. etunicatum in the root sys-
tem of C. migao, but increasing the inoculation

amount above 40g G. etunicatum did not improve
colonization rate (Table 1). Furthermore, micro-
scopic cross-sections of C. migao roots showed the
formation of spores and hyphae, confirming suc-
cessful G. lamellosum or G. etunicatum colonization
(Figure 1).

Growth analyses of the seedlings after 120 days
of inoculation showed that the inoculation amounts
of 20g and 40g of G. lamellosum promoted
increases in the height, stem diameter, crown width,
and number of leaves of C. migao seedlings, but the
higher amounts (60 g and 80 g) showed a significant
(p <0.05) inhibitory effect (Figure 2). In contrast,
all inoculation levels of G. etunicatum had growth-
promoting effects on all measured variables, except
for plant height in the 80g treatment, which was



slightly lower. The improvement to seedling growth
with G. etunicatum was the highest in the 40 g treat-
ment (p <0.05), but gradually weakened when the
inoculation levels were increased to 60g and 80g.
(Figure 2).

3.2. Physiological response of C. migao
seedlings under drought stress

MDA accumulation was significantly reduced in C.
migao seedlings (p < 0.05) after inoculating with G.

Table 1. Colonization rate of arbuscular mycorrhizal (AM)
fungi under different inoculation amounts.

Fungus AM fungi amount (g) Colonization (%)
Glomus lamellosum 0 0+0°
20 487 +2.21°
40 56.3 +3.25°
60 68.33 +2.76°¢
80 69.5+2.39°
Glomus etunicatum 0 0
20 67.3+2.15°
40 77.5+3.22°
60 75.2+239°¢
80 76.2+3.32°

Different lowercase letters indicate significant difference (p < 0.05).
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lamellosum or G. etunicatum. Both AM fungi pro-
duced a trend of decreasing MDA concentration
with minimum levels in seedlings that are treated
with 40 g of either AM fungi. However, MDA levels
increased again at 60g and 80 g inoculum of either
of the fungi. However, even at the highest inocula-
tion amount (80g), MDA was significantly lower
than that in the control (0g), indicating that the
two AM fungi effectively reduced the accumulation
of MDA caused by drought stress (Figure 3(a)).

The activity of protective enzymes, CAT and POD,
in the seedlings, increased with inoculation level,
reaching maximum activities at 40g inoculation of
either AM fungi, but decreased with 60g and 80g of
AM fungi (Figures 3(b,c)). The activities of CAT and
POD enzymes in the treatment groups were signifi-
cantly higher than 40g and 60g treated (p<0.05)
(Figures 3(b,c)). The SOD enzyme activity in the con-
trol group was significantly lower than that in all of
the AM fungal treatment groups. Furthermore, there
was no difference in SOD between any of the G.
lamellosum inoculation levels, the G. etunicatum treat-
ments produced slightly higher SOD activity from 20 g
inoculation with gradually decreasing SOD activity,
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Figure 2. Growth of Cinnamomum migao seedlings under different inoculation treatments at 120 days after inoculation
of Glomus etunicatum, Glomus lamellosum. (a) Mean height of C. migao seedlings, (b) Stem diameter of C. migao seedlings,
(c) Crown breadth of C. migao seedlings, (d) Number of leaves of C. migao seedlings. Different lowercase letters indicate sig-

nificant difference (p < 0.05).
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Figure 3. Changes in osmoreceptors and enzymes in different inoculation treatments of Cinnamomum migao seedlings after
15 days of drought. (a) MDA of C. migao seedlings, (b) CAT of C. migao seedlings, (c) POD of C. migao seedlings, (d) SOD of
C. migao seedlings, (e) SS of C. migao seedlings, (f) SP of C. migao seedlings. Different lowercase letters indicate significant dif-
ference (p < 0.05). Abbreviations: MDA: malondialdehyde; CAT: catalase; POD: peroxidase; SOD: superoxide dismutase; SS: sol-

uble sugar; SP: soluble protein.

when the inoculation level increased to 80g (Figure
3(d)). Treatment with any level of G. lamellosum or
G. etunicatum resulted in significantly higher soluble
sugar accumulation in C. migao seedlings than
untreated control seedlings. G. lamellosum led to a
sequential increase in soluble sugar accumulation with
increasing inoculation levels. However, seedlings
treated with G. etunicatum increased soluble sugar
accumulation to a maximum at 40 g before decreasing
again to 60g and 80g inoculum (Figure 3(e)).
However, there was no significant difference in soluble
protein under drought stress after inoculation with G.
lamellosum and G. etunicatum in each treatment com-
pared with the control (Figure 3(f)).

3.3. Water content of C. migao seedlings under
drought stress

Under drought stress, plant’s water content changed
greatly (Figure 4). C. migao roots with G. lamellosum
or G. etunicatum treatment had greater fresh and dry
weights than the control group, showing a trend of
increasing first to 40 g of AM fungi and then decreas-
ing at higher inoculum concentrations. In particular,
the fresh weight of roots in the G. etunicatum treat-
ment were significantly higher than those in the con-
trol group. The change of dry and fresh weight in the
stem also increased initially before decreasing. The
stem fresh weight in the G. lamellosum and G.
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Figure 4. Changes in component water content in different treatments of Cinnamomum migao seedlings after 15 days of
drought. Left columns represent Glomus lamellosum, and right columns represent Glomus etunicatum. (a) Proportion of fresh
weight in different parts of C. migao seedlings, (b) Proportion of dry weight in different parts of C. migao seedlings. Different
lowercase letters indicate significant difference (p < 0.05).

Table 2. Water content composition of seedling components of Cinnamomum migao.

Inoculation Root dry/fresh weight Stem dry/fresh weight Leaf dry/fresh weight Leaf relative water
Species amount (g) ratio (%) ratio (%) ratio (%) content (%)
Glomus etunicatum 0 54.33 +8.38° 70.1+1.54 64.74 +6.09° 0.65 +0.03
20 46.59+1.64° 45.96 + 4.05° 4278 +261° 0.79 +0.09*P
40 4556 +0.83° 43.81+037° 51.08 + 4.84°¢ 0.9+0.09°
60 2242+033° 4821+0.43° 31.41+0.55¢ 0.86+0.07°
80 21.18+0.98° 48.97 +2.48° 34.23+0.63%¢ 0.79 +0.09%P
Glomus lamellosum 0 54.33 +8.38° 70.10 + 1.54° 64.74 +6.09° 0.65 +0.03
20 31.65+0.10° 38.00+0.85° 4558 +3.57° 0.83 +0.08°
40 4478 +0.32%P 55.90 + 1.74¢ 4377+1.1° 0.84+0.09°
60 31.48 +0.59° 52.50 +0.64%¢ 48.00 +2.44° 0.75 +0.08ab
80 37.01 0.5 4938 +1.99¢ 51.52+0.94° 0.74 +0.06*°

Different lowercase letters indicate significant difference (p < 0.05).

etunicatum treatments was significantly higher than
that of the control group. The stem dry weight was
significantly higher in the control at AM fungi inocu-
lation levels of 40g, but at high inoculation amounts
(60g and 80g), stem dry weight was lower than that
of the control group. Leaf dry and fresh weight were
significantly higher than those in the control group
under the two AM fungi treatments, but they also
showed a trend of increasing first and then decreasing,
peaking at the 40 g inoculation treatment.

Compared with the control group, inoculation of
G. lamellosum and G. etunicatum increased the rela-
tive water content of C. migao leaves (Table 2).
Similar to many other measured parameters, increas-
ing the inoculation levels of G. lamellosum produced a
trend of relative water content first increasing and
then decreasing with the highest relative water content
at 40g treatment. The dry and fresh weight ratio of
the roots of C. migao seedlings treated with G. etuni-
catum gradually decreased with increasing inoculation
amount, indicating enhanced water storage in the
roots when G. etunicatum inoculum increased. This
decrease in the dry-to-fresh weight ratio was statistic-
ally significant at 60g and 80g in G. etunicatum when
compared to the control group.

The change in dry-to-fresh weight ratio of leaves
was similar to that observed in stems, and the ratio
was significantly lower than that in the control
group after the inoculation treatment with G. etuni-
catum. The dry and fresh leaf weight of roots, stems,
and leaves under the G. lamellosum treatment were
lower than those of the control group. The dry-to-
fresh weight ratio was not significantly different
from that in the control under the 40g treatment.
The dry and fresh weight of the stem in the G.
lamellosum treatment were significantly lower than
that in the control group, and the lowest was
observed in the 20g treatment. The dry-to-fresh
weight ratio of leaves was also significantly reduced
after inoculation with G. lamellosum, and the lowest
ratio was observed in the 40 g treatment.

3.4. Correlation of different indicators under
drought stress

The results of the Spearman correlation analysis
(Figure 5) showed that the dry and fresh weight of
G. etunicatum under drought stress were signifi-
cantly positive, which are correlated with POD. The
leaf fresh weight was positively correlated with SOD
and colonization, and negatively correlated with
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Figure 5. Spearman analysis of growth indexes and related influencing factors under drought treatment. (a) Glomus etunicatum,
(b) Glomus lamellosum. Abbreviations: *significant correlation; L-D/FWR: leaf dry/fresh weight ratio; S-D/FWR: stem dry/fresh weight
ratio; R-D/FWR: root dry/fresh weight ratio; DWL: dry weight of leaves; FWL: fresh weight of leaves; DWS: dry weight of stem;
FWS: fresh weight of stem; DWR: dry weight of root; FWR: fresh weight of root; IR: infection rate; RCW: relative water content; SP:
soluble protein; SS: soluble sugar; MDA: malondialdehyde; POD: peroxidase; SOD: superoxide dismutase; CAT: catalase.

MDA, significantly (Figure 5(a)). When treated with
G. lamellosum, the root dry weight was significantly
positively correlated with CAT, and the stem dry
weight was significantly positively correlated with
POD and soluble polysaccharides. Other factors fol-
lowing inoculation with these AM fungi had differ-
ent degrees of influence on the seedling biomass

and plant water content of C. migao, but they did
not reach a significant level (Figure 5(b)).

4, Discussion

In this study, we confirmed that both G. lamellosum
and G. etunicatum can enhance drought resistance



and can promote the growth of C. migao seedlings
(Figure 3). Overall, the strongest drought resistance
was observed when G. lamellosum and G. etunica-
tum were inoculated at 40g. The same effect was
also observed in watermelon and Mesua ferrea
[23,24]. These findings are of great importance for
early stage seedlings subjected to the arid growing
environments of karst regions [25,26].

Plants have evolved a series of defensive mecha-
nisms to adapt to drought stress, including enzym-
atic reactions and osmotic substances. Long-term
drought stress inevitably leads to the excessive pro-
duction of reactive oxygen species, which cause
lipid, DNA, RNA, and protein peroxidation that can
eventually lead to cell death. However, inoculation
with AM fungi can help slow the damage caused by
peroxidation to plant cells. Our results showed that
C. migao seedlings inoculated with G. lamellosum
and G. etunicatum had increased POD and CAT
activity, reduced sugar and osmoreceptor content,
and reduced accumulation of MDA under drought
stress. A similar physiological response was observed
in Cupressus arizonica seedlings inoculated with AM
fungi [27]. Previous studies have also reported that
AM fungi can eliminate reactive oxygen species by
regulating enzymes, like GmarCuZnSOD and
GintSOD1, and non-enzymes, such as GintMTI,
GinPDXI1, and GintGRX1, antioxidant in the fungal
network [28-30]. Spearman correlation analysis
showed significant correlation between plant fresh
weight, SOD, and POD, which also supports the
above results (Figure 5). Other studies have shown
that inoculation with AM fungi can increase the lev-
els of osmotic substances in walnut seedlings under
drought conditions, which helps to slow down the
damage caused by drought stress. However, for C.
migao, this effect is reflected in soluble sugar, but is
not obvious in soluble protein. This suggests that
osmotic substance regulation is not the primary
route for enhancing drought tolerance in walnut
seedlings after inoculation with AM fungi [31].

The mechanism that plants use to preserve water
during drought conditions is the key to their ability
to tolerate drought. Studies have shown that AM
fungi can improve the growth of host plants by pro-
moting nutrients and water absorption to relieve
abiotic stresses, such as drought [32]. After inocula-
tion with G. lamellosum and G. etunicatum, the bio-
mass and tissue water content of C. migao seedlings
were higher than those of the control group. The
overall water content of G. lamellosum- and G. etu-
nicatum-inoculated plant tissues was the highest
when the inoculation amount was at 40g. Taken
together, these results suggest that G. lamellosum
and G. etunicatum improve the water-use efficiency
of C. migao during drought conditions.
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It is generally believed that beneficial symbiotic
relationships with soil microorganisms are one of
the most successful strategies that terrestrial plants
have developed to deal with abiotic stresses [33].
For example, the hyphae that indirectly increase the
contact area between the plant roots and the soil.
When drought occurs, these epitaxial mycelia can
assist plant roots by absorbing water from the soil
more efficiently [34,35], improving the water-use
efficiency of the plants and enhancing the plants to
withstand drought tolerance [36,37], which was con-
firmed by our results.

In our study, the most direct effect of the inocu-
lation amount was on the colonization rate of our
AM fungi with the roots of C. migao seedlings
(Table 1). A larger inoculation amounts increased
the colonization rate of G. lamellosum and G. etuni-
catum. However, the inoculation amounts of 60g
and 80g of G. lamellosum or G. etunicatum inhib-
ited the growth of C. migao seedlings (Table 1). It is
possible that the higher densities of inoculated
spores reduces or imbalances the concentrations of
key plant hormones [38].

At present, there is no uniform standard for the
inoculation amount of AM fungi [24]. Some com-
mon means of determining inoculation amount are
decided by inoculation potential, the density of
spores per unit volume, or the mass of inoculum
[39]. However, in actual large-scale agricultural and
forestry practices, the AM fungi is used after enrich-
ing the culture, not only contain spores but also
hyphae, vesicles, mycorrhizal segments, and other
propagules, which should be taken into consider-
ation during inoculation [40,41]. Moreover, spore
quantification work is time-consuming and labori-
ous, and it is difficult to accurately determine the
spore density of fungal agents, which is inconveni-
ent for the field of production practices [42]. In the
present study, we selected the traditional spore con-
tent as the evaluation index of inoculants. In our
study, an inoculum level of 40 g produced the most
favorable overall effect in terms of colonization rate,
C. migao seedling growth, and drought resistance
for both G. lamellosum and G. etunicatum. These
results provide a theoretical foundation for the
application of inoculants in the field.
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