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Melampsora larici-populina is a macrocyclic rust, and the haploid stage with two nuclei

and the diploid of mononuclear sequentially occur annually. During the preservation of

dry urediniospores at −80◦C, we found that one isolate, 1Ts06, was different from the

usual wild-type isolate Ts06 at −20◦C because it has mixed polykaryotic urediniospores.

However, the other spores, including the 0, I, III, and IV stages of a life cycle, were

the same as Ts06. After five generations of successive inoculation and harvest of

urediniospores from the compatible host Populus purdomii, the isolate 1Ts06 steadily

maintained more than 20% multiple nucleus spores. To test the pathogenesis variation

of 1Ts06, an assay of host poplars was applied to evaluate the differences between

1Ts06 and Ts06. After 1Ts06 and Ts06 inoculation, leaves of P. purdomii were used to

detect the expression of small secreted proteins (SSPs) and fungal biomasses using

quantitative real-time PCR (qRT-PCR) and trypan blue staining. 1Ts06 displayed stronger

expression of five SSPs and had a shorter latent period, a higher density of uredinia, and

higher DNA mass. A transcriptomic comparison between 1Ts06 and Ts06 revealed that

3,224 were differentially expressed genes (DEGs), 55 of which were related to reactive

oxygen species metabolism, the Mitogen-activated protein kinase (MAPK) signaling

pathway, and the meiosis pathway. Ten genes in the mitotic and meiotic pathways

and another two genes associated with the “response to DNA damage stimulus”

all had an upward expression, which were detected by qRT-PCR in 1Ts06 during

cryopreservation. Gas chromatography–mass spectrometry (GC-MS) confirmed that the

amounts of hexadecanoic acid and octadecadienoic acid were much more in 1Ts06
than in Ts06. In addition, using spectrophotometry, hydrogen peroxide (H2O2) was also

present in greater quantities in 1Ts06 compared with those found in Ts06. Increased fatty

acids metabolism could prevent damage to urediniospores in super-low temperatures,

but oxidant species that involved H2O2 may destroy tube proteins of mitosis and meiosis,

which could cause abnormal nuclear division and lead to multinucleation, which has a

different genotype. Therefore, themultinuclear isolate is different from thewild-type isolate

in terms of phenotype and genotype; this multinucleation phenomenon in urediniospores

improves the pathogenesis and environmental fitness of M. larici-populina.
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FIGURE 4 | Differentially expressed genes (DEGs) at different cryopreservation temperatures. (A) Venn diagram showing the number of differentially expressed genes.

(B) Cluster heat map of intersectional gene expressions.

Frontiers in Microbiology | www.frontiersin.org 9 June 2021 | Volume 12 | Article 650902



Zheng et al. Multinuclei Enhances Pathogenesis of Rusts

FIGURE 5 | Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis of differentially expressed genes (DEGs). (A) GO enrichment

bubble diagram. (B) KEGG enrichment pathway diagram.
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FIGURE 6 | qRT-PCR verification of differentially expressed genes (DEGs). (A) Protein network diagram of DEGs. (B) Gene regulation pathway map of the G2 stage of

mitosis and the S stage of meiosis. (C) qRT-PCR of DEGs. Note: Each point in the graph represents one gene, and the connecting lines between the two genes

indicate that two genes interact. The size and color of the dots indicate the number of interactive connections, larger dots indicate that there are more connections,

the color gradually changes from blue to red, and red indicates more connections. The range from green to red in (B) indicates the gene FPKM (fragments per

kilobase of transcript per million fragments mapped) value. The error lines marked in (C) are obtained from three biological repetitions, and the significant differences

are indicated by a, b, and c.
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FIGURE 7 | Determination of the concentrations of H2O2 in different samples and the cluster heat map of different gene expressions. (A) Determination of the

concentrations of H2O2. (B) The genes of “reactive oxygen species metabolic process.” (C) The genes of “MAPK signaling pathway.” (D) The genes of “fatty acid

metabolism.” Different letters mean significant differences at the 0.05 level.
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which may also be involved in the formation of polykaryon,
were upregulated at −80◦C. The qRT-PCR analysis of 10
genes in the mitotic and meiotic pathways showed that the
expression levels of three genes (MELLADRAFT_47540,
MELLADRAFT_33683, and MELLADRAFT_73904) were
upregulated, suggesting that these genes responded to
environmental stimuli. Except for these genes, expressions of the
protein kinase activity gene MELLADRAFT_102486 (PKA) and
the nucleic acid metabolism gene MELLADRAFT_61177
(Msn2,4) also increased, and the downstream genes
related to mitosis and S-phase meiotic division were both
activated. For example, MELLADRAFT_36075 (Dmc1),
MELLADRAFT_104525 (Spo11), BGI-novel_G000167 (ORC),
and MELLADRAFT_115157 (MCM) exhibited upward trends
of expression at −80◦C as cryopreservation time increased.
Abnormal mitosis and abnormal S-phase progression of
urediniospore nuclei in1Ts06 were believed to cause polynuclear
phenomena in this study.

Mitogen-activated protein kinases (MAPKs) are important
factors in eukaryotic signaling networks (Bögre et al., 1999).
The MAPK signal cascade is crucial for sensing environmental
stimuli on the cell surface and transmitting these signals to
the nucleus to regulate gene expression (Qi and Elion, 2005).
Most of the 55 KEGG-annotated DEGs were in the MAPK
signaling pathway. Of these 55 genes, MELLADRAFT_84720,
MELLADRAFT_87433, MELLADRAFT_102486, and
MELLADRAFT_61177 were also found in the networks
of interactive proteins (Figures 6A, 7C). Furthermore,
MELLADRAFT_102486 and MELLADRAFT_61177 are
upstream genes in mitosis and meiosis, and they both showed
an upward expression trend during cryopreservation, which
suggested that the MAPK signaling pathway played an important
regulatory role in abnormal nuclear division.

Transcriptome sequencing revealed that genes associated
with “fatty acid metabolism” (MELLADRAFT_117759,
MELLADRAFT_73507, MELLADRAFT_45837, and
MELLADRAFT_27551) and “trehalose biosynthesis process”
(MELLADRAFT_60322) were significantly upregulated
(Figure 7D). Trehalose is widely noted in bacteria, fungi,
and plants (Avonce et al., 2006). In fungi, trehalose is often used
as a carbon storage source and responds adaptively to various
pressure conditions (Thevelein, 1984; Gancedo and Flores, 2004),
including dehydration, oxidative stress, heat treatment, cold
treatment, and freezing stress (Sasano et al., 2012; Zakharova
et al., 2012). Notably, fatty acids affect the biochemical activity,
transfer process and stimulation of cells, and participate in
several physiological processes, including lipid metabolism,
cell recognition, immune response, and cold adaptation
(Grammatikos et al., 1994; Jump et al., 1996). The metabolism
of fatty acids and trehalose in urediniospores increased during
the cryopreservation (Supplementary Table 3); this increase in
metabolism hinted an improvement of urediniospores to resist
damage due to low temperatures.

Many studies have shown that avirulence genes or effectors
encoded by pathogenicity-related genes are secreted proteins
(Zhang et al., 2020), and secreted proteins are assumed to be
key molecules for pathogenicity (Petre et al., 2014). For example,
AvrL567 and AvrP4 are secreted proteins in M. lini (Petre et al.,

2014). Avirulence gene is one of the important SSP genes, which
often appears in the form of a gene family and plays a role during
the infection (Dodds et al., 2004). In this study, the expressions
levels of five SSPs homologous with avirulence genes of M. lini
were used to compare the pathogenicity of1Ts06 and Ts06 during
the infection. The levels were significantly higher in 1Ts06 than
in Ts06 at 48, 96, and 168 h probably because 1Ts06 produced
much more haustoria, intercellular hyphae, and urediniospores
than Ts06 did. In addition, the higher urediniospore density
and shorter latent period of 1Ts06 on the compatible host
P. purdomii also validated these SSP expressions, and 1Ts06
displayed more compatibility and more pathogeneticity with P.
purdomii. Furthermore, the RAM screen based on genomic DNA
determined that the genotype of 1Ts06 was different from that of
the isolate Ts06. Cryopreservation changed both the phenotype
and genotype of isolate Ts06.

The nuclear behavior in the life cycle of rust fungi is of
great significance for understanding individual inheritance,
interspecific evolutionary, and intraspecific pathogenicity
variation of rust fungi. Except for Uredinales imperfecti, all
rust fungi have telial stages in their life cycle. Teliospores are
diploid cells that need two haploid nuclei to fuse before they can
germinate and start the life cycle. Germination of teliospores is
the most important event in the life cycle of rust fungi because
both karyogamy and meiosis occur at this stage. In fact, meiosis
occurs before the germination of teliospores. After karyogamy,
diploid cells quickly complete homologous chromosome pairing,
and the synaptonemal complex is produced in the dormant
period (Mims and Richardson, 2005). The genes related to
prophase I, such as the Spo11 protein gene in the leptotene stage,
the tetrad-forming kinase Hop1 gene in the zygotene stage,
Rad51 and Mnd1 in the pachytene stage, and karyokinesis genes
were significantly upregulated (Hacquard et al., 2013). However,
due to the differences in the time and position of karyogamy
among different rusts, the shape of basidium (promycelium)
produced by teliospores, the cell position during meiosis,
the number of basidiospores, the times of re-germination of
basidiospores, and the nuclear status are all obviously different
(Shimomura et al., 2012), which indicate a diversity of life cycles.
Furthermore, Jackson (1935) described seven types of nuclear
behaviors of microcyclic rust, Petersen (1974) described six types,
Hiratsuka and Sato (1982) described eight types, and Ono (2002)
described 10 types and 21 subtypes of microcyclic rust. In this
study, the telial and basidial stages of polykaryon 1Ts06 were not
different than those in a typical macrocyclic M. larici-populina;
how polykaryotic somatic hyphae develop into karyogamy and
how meiosis ultimately occurs are still not well understood.

Cummins and Hiratsuka (1983) thought that heteroecious
macrocyclic rust often shortened the life cycle and formed the
corresponding species. In a disturbed ecosystem, macrocyclic
rust may lose the opportunity and the ability to complete
heterosexual mating and evolve from the unstable parent
population. This repeated evolution makes up for the danger of
macrocyclic rust dying out in harsh evolutionary environments,
and thus, many branches of microcyclic rust are produced
and distributed in different niches (Hennen and Buritica,
1980). For example, Peridermium yamabense is a synonym
for Endocronartium yamabense because it cannot form real

Frontiers in Microbiology | www.frontiersin.org 13 June 2021 | Volume 12 | Article 650902

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles


Zheng et al. Multinuclei Enhances Pathogenesis of Rusts

teliospores and is the asexual type of Cronartium ribicola (Imazu
et al., 1991). Zemodeme I of E. harknessii (≡P. harknessii) and
C. quercuum are highly similar. Zemodeme II originates from
zemodeme I after karyogamy, or the latter is a haploid from the
former (Vogler et al., 1997). Another example is the leaf rust
Rubus sp., which has three species. One is the demicyclic rust
Gymnoconia peckiana, which forms vegetative aeciospores on the
leaves and germinates to produce binuclear germ tubes and an
appressorium. The other two species are endocyclic rustG. nitens,
which can produce aeciospore-type teliospores on leaves. One
of the G. nitens species germinates to form a two-cell basidium
and produces two haploid basidiospores, whereas the other one
forms four-cell basidiospores and grows four basidiospores. In
four-cell basidiospores, two nuclei in aeciospore-type teliospores
do not undergo karyogamy and meiosis but rather is formed
by direct division of the binucleate form (Mims et al., 2007).
The multinucleation phenomenon produced by urediniospores
stored during cryopreservation is an important basis for the
diverse evolution of the life cycle of M. larici-populina, which
is of great significance for improving the adaptability of rust
fungi to low-temperature environments, genetic variation, and
host selection.

CONCLUSION

Cryopreservation can change both the phenotype and genotype
of isolate Ts06. The multinuclear isolate 1Ts06 has stronger host
compatibility, pathogenicity, and environmental adaptability
than Ts06 has. Transcriptomics suggested that the fatty acids
metabolism in cryopreserved urediniospores increased, which
improved the ability of urediniospores to resist damage caused
by ultralow temperatures. Cryopreservation triggered the MAPK
signaling pathway and led to an increase in reactive oxygen
metabolism in urediniospores; then, nuclear DNA damage and
abnormal mitosis and meiosis processes facilitated the formation
of polykaryotic urediniospores. In the continuous subculture, the
proportion of polykaryotic urediniospores of 1Ts06 exhibited no
significant change. At the 0, I, III, and IV stages in the life cycle,
the number of nuclei is not different between1Ts06 and Ts06. The

results indicated that this mutant strain had a certain stability and
environmental adaptability. However, how the polykaryon strain
completes binucleation and undergoes meiosis remains unclear.
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