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Abstract: Meloidogyne hapla is one of the most important nematode pathogens. It is a sedentary,
biotrophic parasite of plants that overwinters in the soil or in diseased roots. The development of M.
hapla is temperature dependent. Numerous studies have been performed on the effect of temperature
on the development of M. hapla, but only a few of them analyzed the heat shock protein (hsp) genes.
The aim of the study was to perform expression profiling of eight hsp genes (Mh-hsp90, Mh-hsp1,
Mh-hsp4, Mh-hsp6, Mh-hsp60, Mh-dnj19, Mh-hsp43, and Mh-hsp12.2) at two development stages of M.
hapla, i.e., in eggs and second-stage juveniles (J2). The eggs and J2 were incubated under cold stress
(5 ◦C), heat stress (35 ◦C, 40 ◦C), and non-stress (10 ◦C, 20 ◦C, and 30 ◦C) conditions. Expression
profiling was performed by qPCR. It was demonstrated that only two genes, Mh-hsp60 and Mh-dnj19,
have been upregulated by heat and cold stress at both development stages. Heat stress upregulated
the expression of more hsp genes than cold stress did. The level of upregulation of most hsp genes
was more marked in J2 than in eggs. The obtained results suggest that the Mh-hsp90 and Mh-hsp1
genes can be used as bioindicators of environmental impacts on nematodes of the Meloidogyne genus.

Keywords: temperature; incubation time; expression; heat shock genes; Meloidogyne hapla; bioindicator

1. Introduction

Meloidogyne hapla Chitwood, 1949 (northern root-knot nematode) is one of the most
important nematode pathogens. It is a sedentary, biotrophic parasite of plants and it over-
winters in the soil or in diseased roots. M. hapla occurs in cold regions of crop production
where the mean temperature is −15 ◦C in the coldest month and approximately 27 ◦C
in the warmest month [1]. The amount of yield loss varies according to the host status,
agronomic practices, and environmental conditions. Meloidogyne spp. are poikilothermic
animals, which is why soil temperature impacts on the rate of development and hence the
number of generations that the nematode will complete in a cropping cycle, as well as the
rate of population growth and, consequently, the crop yield losses [2].

Temperature acclimation is an adaptive response of organisms to low or high tem-
perature that increases their capacity to tolerate freezing or heating. Numerous studies
indicate that heat shock protein (Hsp proteins) play an important role in the process of
nematode adaptation to the environment [3–5]. To date, the heat shock genes (hsp genes)
and the Hsp proteins they encode have been best studied and described in the free-living
bacterivorous nematode Caenorhabditis elegans (Maupas, 1900). Studies have shown that the
expression of hsp genes influences the lifespan of C. elegans [6–8]. It has also been shown
that hsp genes in C. elegans are induced in response to various stressors, such as oxidative
stress [9–11], electromagnetic field [12–14], immunological stress [15–17], or toxic chemical
compounds [18–20]. However, thermal stress is one of the stress factors most often used in
experiments aimed at activating hsp genes in C. elegans [21–23].
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Research on hsp genes was also carried out on nematodes parasitizing plants belonging
to the genus Meloidogyne. Studies of the hsp genes in this group of nematodes have so far fo-
cused mainly on the hsp90 gene and the Hsp90 protein encoded by this gene [24–26]. Based
on the study results, it was also found that the hsp90 gene of Meloidogyne artiellia Franklin,
1961 is homologous to the daf -21 gene in C. elegans [24]. The influence of temperature on
the expression of the hsp90 gene in M. artiellia and M. incognita was also studied [24,25].
Studies on the Mh-hsp90 gene as well as the Mh-hsp1, Mh-hsp60, Mh-hsp43, and Mh-hsp12.3
genes in M. hapla showed an increase in the expression of this gene as a result of the effect
of the diffusate derived from Vicia sativa L. seeds [27]. The influence of stress-inducing
temperatures and organic compounds on the expression of the hsp90 gene was also studied
in M. hapla [28]. The genome of M. hapla is the smallest among the genomes of multicellular
animals examined so far [29]. A sequenced genome opens the possibility of identifying hsp
genes and studying their response to environmental stressors. The results of such research
would complement the current knowledge about the life processes of M. hapla and, more
broadly, nematodes of the Meloidogyne genus.

This article presents an original study of the effect of different temperatures and
incubation times on the expression of selected hsp genes in eggs and second-stage juveniles
(J2) of northern root-knot nematode.

2. Results
2.1. Identification of hsp Genes in the Meloidogyne hapla Genome

Hsp genes (Table 1) were identified by BLASTn search of genomic M. hapla (PRJNA29083–
VW9) sequence against C. elegans (PRJNA13758) at WormBase ParaSite (version WS285) [30].

Table 1. Meloidogyne hapla genes homologous to Caenorhabditis elegans hsp genes.

Hsp Family Gene C. elegans Gene M. hapla M. hapla Gene
Location on Contig

Hsp70 hsp4
(WBGene00002008)

Mh-hsp4
(MhA1_Contig349.frz3.gene2) 4430–7369

Hsp70 hsp6
(WBGene00002010)

Mh-hsp6
(MhA1_Contig349.frz3.gene2) 1610–3014

Hsp40 dnj19
(WBGene00001037)

Mh-dnj19
(MhA1_Contig579.frz3.gene6) 18539–19790

sHsps hsp12.2
(WBGene00002011)

Mh-hsp12.2
(MhA1_Contig609.frz3.gene18) 43098–43583

The applicable primers located on different exons of the Mh-hsp4, Mh-hsp6, Mh-dnj19,
and Mh-hsp12.2 genes (Table S1) were designed based on the hsp gene sequences found.

2.2. Expression Profiling of hsp Genes

Depending on the incubation time used, temperatures of 30 ◦C, 35 ◦C, and 40 ◦C were
lethal for J2. When exposed to 40 ◦C, all J2 had died after 336 h of incubation. Individuals
exposed to 35 ◦C were dead after 1008 h of incubation, whereas those exposed to 30 ◦C
were dead after 1344 h of incubation. The variants of the experiments presented above,
in which J2 died, were not used for further research, i.e., J2 that died as a result of being
incubated in the above temperature and time combinations were not included in the hsp
gene expression studies.

The influence of stress (5 ◦C—cold stress, 35 ◦C and 40 ◦C—heat stress) and non-
stress temperatures (normal conditions) (10 ◦C, 20 ◦C—control temperature, 30 ◦C) on
the expression of eight hsp genes in eggs and J2 of M. hapla was investigated. Expression
profiling of hsp genes showed the association of their expression level with the M. hapla
developmental stage, temperature, and incubation time.
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In both stages, an increase in the transcription level of all hsp genes was observed in
response to heat stress, with the exception of the Mh-hsp12.2 gene in J2. Only two genes, Mh-
hsp60 and Mh-dnj19, in both developmental stages upregulated their expression in response
to heat and cold stress. As a result of cold stress, an increase in the expression of the Mh-
hsp60, Mh-dnj19, and Mh-hsp12.2 genes was observed in both investigated developmental
stages (Figures 1E,F,H and 2E,F,H, respectively). The strongest response to heat and cold
stress was observed in the Mh-hsp1 gene in J2 (Figure 2B). The second highest increase in the
expression level as a result of heat stress was observed in the Mh-hsp90 gene in J2 (Figure 2A).
It was also demonstrated that the Mh-hsp90, Mh-hsp4, and Mh-hsp6 genes did not respond
to cold stress in both stages of M. hapla development (Figures 1A,C,D and 2A,C,D). For
the remaining genes, i.e., Mh-hsp1 and Mh-hsp43, an increase in expression caused by cold
stress was found only in J2 (Figure 2B,G) (Table 2). In the conducted studies, differences
in expression levels of hsp genes between the analysed developmental stages were also
observed. In most of the analysed hsp genes (except for the Mh-hsp43 and Mh-hsp12.2
genes), higher expression levels were observed in J2 than in eggs.

2.3. Response of hsp Genes to Heat Stress

In eggs under heat stress, Mh-hsp1, Mh-hsp6, Mh-hsp43, and Mh-hsp12.2 genes were
observed to respond after the shortest time of exposure (Figure 1B,D,G,H, respectively).
The most effective temperature was 35 ◦C. Their expression reached the highest level after
1 h treatment and had increased from 1.7 (Mh-hsp12.2), 3.2 (Mh-hsp43), and 3.3 (Mh-hsp6) to
4.4 (Mh-hsp1) fold. Expression of Mh-hsp4 and Mh-hsp90 reached the highest level (2.0-fold
and 4.96-fold increasing, respectively) after 2 h of heat stress treatment (Figure 1C,A,
respectively). The expression of the Mh-hsp60 and Mh-dnj19 genes also increased, but to
a lesser extent, reaching the maximum level after 24 h at 40 ◦C and after 8 h at 35 ◦C,
respectively (Figure 2E,F).

Changes in the expression level of hsp genes in J2 were much more marked than in
eggs. The highest (61.8-fold) and fastest (1 h of treatment) response to heat stress was found
for Mh-hsp1 at 40 ◦C (Figure 2B). The response displayed by this gene to heat stress in J2
was over 14-fold stronger than was its response in eggs. This gene stood out from the other
hsp genes in that its expression remained consistently high throughout the experiment. The
fast (1 h) upregulation of gene expression by heat stress was also detected for Mh-hsp60
(Figure 2E) and Mh-hsp43 (Figure 2G) genes, but their expression levels were significantly
lower (4.7-fold for Mh-hsp60 and 2.7-fold for Mh-hp43, correspondingly). Other genes, i.e.,
Mh-hsp90, Mh-hsp4, Mh-hsp6, and Mh-dnj19, required a longer (2 h) exposure to heat stress
treatment to reach the maximum expression levels (35.3-fold for Mh-hsp90, 4.6-fold for
Mh-hsp4, 4.9 fold for Mh-hsp6, and 5.5 fold for Mh-dnj19 (Figure 2A,C,D,F, respectively).
Mh-hsp90 was also one of the genes whose expression increased the most in J2 (8-fold)
compared to its expression level in eggs. The response of Mh-hsp43 and Mh-hsp60 to heat
stress was biphasic. The highest expression level of Mh-hsp60 was detected after 1 h and
8 h of heat stress treatment (Figure 2E). Mh-hsp43 responded similarly to heat stress, but
the expression of this gene after the long-term (8 and 24 h) treatment occurred not at 35 ◦C,
but at 40 ◦C (Figure 2G).

2.4. Response of hsp Genes to Cold Stress

The effect of cold stress (5 ◦C) on the expression levels of hsp genes was more moderate
than the effect of heat stress. In eggs, cold stress increased expression of only three (Mh-
hsp60, Mh-dnj19, and Mh-hsp12.2; Figure 1E,F,H, respectively) from eight analyzed genes.
Their expression increased from 1.4 fold for Mh-hsp12.2 and 1.8 fold for Mh-dnj19 to the
highest level (1.9 fold) for the Mh-hsp60 gene.



Int. J. Mol. Sci. 2024, 25, 4867 4 of 13Int. J. Mol. Sci. 2024, 25, 4867  4  of  14 
 

 

 

Figure 1. Expression profiling of hsp genes in the Meloidogyne hapla at the developmental stage of 

the egg: (A) Mh-hsp90, (B) Mh-hsp1, (C) Mh-hsp4, (D) Mh-hsp6, (E) Mh-hsp60, (F) Mh-dnj19, (G) Mh-

hsp43, (H) Mh-hsp12.2 after 1, 2, 8 and 24 h of incubation time at the indicated temperature. Control 

temperature was 20 °C. Average effects (marginal means) estimated for the best model identified in 

the model selection are presented. The dot indicates the value of the estimate, the whiskers indicate 

the 95% confidence interval of this estimate. 

Figure 1. Expression profiling of hsp genes in the Meloidogyne hapla at the developmental stage of
the egg: (A) Mh-hsp90, (B) Mh-hsp1, (C) Mh-hsp4, (D) Mh-hsp6, (E) Mh-hsp60, (F) Mh-dnj19, (G) Mh-
hsp43, (H) Mh-hsp12.2 after 1, 2, 8 and 24 h of incubation time at the indicated temperature. Control
temperature was 20 ◦C. Average effects (marginal means) estimated for the best model identified in
the model selection are presented. The dot indicates the value of the estimate, the whiskers indicate
the 95% confidence interval of this estimate.
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Figure 2. Expression profiling of hsp genes in the Meloidogyne hapla at second-stage juveniles: (A) Mh-
hsp90, (B) Mh-hsp1, (C) Mh-hsp4, (D) Mh-hsp6, (E) Mh-hsp60, (F) Mh-dnj19, (G) Mh-hsp43, (H) Mh-
hsp12.2 after 1, 2, 8 and 24 h of incubation time at the indicated temperature. Control temperature—
20 ◦C. Average effects (marginal means) estimated for the best model identified in the model selection
are presented. The dot indicates the value of the estimate, the whiskers indicate the 95% confidence
interval of this estimate.
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Table 2. Increased expression level (+) or lack of response (−) of heat shock genes to heat and cold
stress in eggs and in J2 of Meloidogyne hapla.

Heat Shock
Protein Gene

Heat Stress Cold Stress

Egg Stage J2 Stage Egg Stage J2 Stage

Mh-hsp90 + + − −
Mh-hsp1 + + − +

Mh-hsp4 + + − −
Mh-hsp6 + + − −
Mh-hsp60 + + + +

Mh-dnj19 + + + +

Mh-hsp43 + + − +

Mh-hsp12.2 + − + +

Mh-hsp1, Mh-hsp60, Mh-dnj19, Mh-hsp43, and Mh-hsp12.2 genes responded to cold
stress in J2. The highest level of expression among all investigated hsp genes was observed
in the Mh-hsp1 gene (23.9 fold after 336 h incubation). The expression level of this gene
remained consistently high throughout the entire experiment, just as it did in the case
of heat stress (Figure 2B). Apart from the Mh-hsp1 gene, the only gene whose expression
increase was observed after several incubation periods was the Mh-hsp43 gene. An increase
in the expression of this gene was observed after 2 h (2.4 fold), 24 h (2.6 fold), 336 h (1.7 fold),
and 1344 h (1.6 fold) (Figure 2G). In the Mh-dnj19 gene, a biphasic increase in expression
was observed after 1 h (2.5 fold) and 2 h (2.0 fold) (Figure 2F). For the Mh-hsp60 (Figure 2E)
and Mh-hsp12.2 (Figure 2H) genes, a single increase in expression was observed after 2 h
(1.9 fold) and 1 h (1.7 fold) of incubation, respectively.

3. Discussion

As a result of the imposition of a stress factor (biotic or abiotic), metabolic changes
occur in the cells. The cell’s response to stressful stimuli includes, among others, an increase
in the expression of heat shock genes, and then the synthesis of heat shock proteins also
called chaperones [31].

For M. hapla, only four hsp genes have been described [27]. In this work, we extended
the annotation of the M. hapla genome and further identified four orthologs based on the C.
elegans hsp gene sequences: Mh-hsp4, Mh-hsp6, Mh-dnj19, and Mh-hsp12.2 (Table 1).

According to the literature, the exposure to temperatures of 5 ◦C (cold stress) [32–34],
35 ◦C, and 40 ◦C (heat stress) [35–37] significantly inhibited the development of this
nematode. In order to demonstrate the temperature effects on hsp gene expression, the
individuals exposed to normal conditions (10 ◦C, 20 ◦C—control and 30 ◦C) [35,38] were
also covered in the gene expression profiling exercise.

Among all analysed hsp genes, the highest increase in expression caused by heat and
cold stress was observed in J2 in the Mh-hsp1 gene (Figure 2B), but only by heat stress in
the Mh-hsp90 gene (Figure 2A). The Hsp90 and Hsp70 proteins encoded by these genes are
the main chaperones in the cytosol of eukaryotic cells. They perform an important role in
protein quality control by preventing the aggregation of proteins, catalysing the folding of
newly synthesized proteins and promoting the degradation of denatured ones [39]. The
very high increase in the expression of these genes observed in the study confirms their
protective function in J2 stage of M. hapla against thermal stress. Both in the research
presented in this paper and in that conducted by De Luca on M. artiellia [24], Bai on M.
incognita [25], and Wu on M. hapla [28], it was established that the expression of the hsp90
gene was always significantly higher at temperatures causing heat stress in the studied
developmental stages of Meloidogyne. A significant increase in the expression of this gene
was observed not only during thermal stress but also during stress caused by heavy metals
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or inorganic compounds [24,25,27,28]. A clear increase in the expression of the hsp90 gene
as a result of various environmental stressors suggests that this gene can be used as a
potential bioindicator of the environmental impact on nematodes belonging to the genus
Meloidogyne [25,28].

Among the examined hsp genes, the strongest expression upregulation is displayed
by the Mh-hsp1 gene in J2 under heat and cold stress (Figure 2B). The obtained results are
in line with data obtained in studies of cyst forming nematodes of the genus Globodera, G.
rostochiensis and G. pallida, where the influence of temperature on the expression level of
this gene was demonstrated [40,41]. Heat stress upregulated hsp1 expression in these three
species of nematodes. In G. pallida, the expression of hsp1 was upregulated not only by heat
but also by cold stress [42]. Studies have shown that Hsp70 proteins perform a decisive role
in acquiring thermotolerance, i.e., the cell’s resistance to high, often lethal, temperatures.
The cells that are persistently resistant to thermal stress display consistently high levels
of Hsp proteins [43]. Moreover, it was found that in C. elegans the number of hsp70A
gene (hsp1 synonym) transcripts increases several times in response to heat shock and is
primarily responsible for the increased thermotolerance of this species [44,45]. In M. hapla,
the Mh-hsp1 gene is likely also responsible for acquiring thermotolerance in J2. Research on
this gene in C. elegans has also proven its significant role in the early development of the
juvenile stage and the regulation of the lifespan of this nematode [46–48]. It has also been
shown that over expression of hsp1 leads to impaired motility of C. elegans [49].

Heat stress was found to increase the expression of the Mh-hsp4 (Figures 1C and 2C)
and Mh-hsp6 genes (Figures 1D and 2D) in eggs and in J2 of M. hapla. The obtained
results are consistent with those obtained on C. elegans, indicating that heat stress increases
expression of hsp4 [50–53] and hsp6 genes [54–56]; however, the expression of these genes
does not increase under cold stress [53].

The expression of the Mh-hsp60 gene in eggs and in J2 increased as a result of heat
stress; however, under cold stress, it was the case only in eggs. (Figures 1E and 2E).
Experiments conducted on C. elegans and Plectus acuminatus regarding the increase in hsp60
gene expression as a result of heat stress confirm the results obtained in this study [57–59].
However, there are no comparative studies on the effect of cold stress on the expression
of the hsp60 gene in C. elegans and other nematodes. The obtained results regarding
the increase in the expression of the Mh-hsp60 gene in both developmental stages of M.
hapla during cold stress necessitate additional experiments to more precisely examine the
response of this gene to low stress temperatures.

The expression of the Mh-dnj19 gene displayed an increase in the expression of this
gene in eggs and J2 of M. hapla exposed to heat and cold stress (Figures 1F and 2F). The
only research on the dnj19 gene was carried out on C. elegans, where an increase in the
expression of this gene was observed during heat stress [60].

An increase in the expression of the Mh-hsp43 gene was demonstrated in M. hapla eggs
in response to heat stress, whereas in J2 it was the case in response to heat and cold stress
(Figures 1G and 2G). Similar studies were conducted on C. elegans. Studies performed on
this model organism showed an increase in hsp43 gene expression as a result of incubation
at 37 ◦C for 2.5 h [61]. Studies on the nematode Bursaphelenchus xylophilus showed an
increase in the expression of the hsp43 gene during a 4-h incubation at 30 ◦C compared to
the expression of this gene examined in nematodes incubated at 20 ◦C [62]. The experiments
described above confirm the research results obtained in this study regarding the increase
in Mh-hsp43 gene expression during heat stress in both developmental stages of M. hapla.

Analysis of the Mh-hsp12.2 gene showed an increase in its expression as a result
of heat stress and cold stress in eggs, whereas in J2 it was the case for cold stress only
(Figures 1H and 2H). The obtained results are consistent with those obtained in C. elegans,
where an increase in the expression of this gene in eggs was demonstrated under the
influence of heat stress [63]. However, Douglas did not observe an increase in the expression
of this gene in mature C. elegans (wild strain N2) under heat stress [64]. Other studies have
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shown a slight increase in the expression of the hsp12.2 gene in the L3 stage of C. elegans
under cold stress and no expression of this gene under heat stress [65].

The expression of hsp genes measured under the same conditions of temperature and
incubation time differed between the examined developmental stages of M. hapla. In almost
all hsp genes (except Mh-hsp43 and Mh-hsp12.2), higher expression levels were always
observed in J2 as compared to the expression of these genes in eggs. This is consistent
with results obtained on M. artiella. The expression of the hsp90 gene at 5 ◦C was higher in
eggs compared to the expression of this gene in J2. However, the expression of this gene at
30 ◦C was higher in J2 than in eggs [24]. Studies on M. incognita showed that under normal
conditions, the constitutive expression of the hsp90 gene was higher in eggs than in J2 [66].
Studies of the daf 21 (hsp90) and hsp12.2 genes in C. elegans showed their diverse constitutive
expression in each of the examined developmental stages of this nematode [65]. Perhaps
the developmental stages examined in this study also show differences in the constitutive
expression of hsp genes, while incubation of both stages at stress-inducing temperatures
deepens these differences. Another reason for the lower expression of hsp genes in M. hapla
eggs may be that it is less sensitive to abiotic environmental factors, including heat and cold
stress. Vrain [67] showed that eggs and first-stage juveniles (J1) developing inside the egg
are less sensitive to low temperatures than are J2. The eggshell, consisting of three layers,
an outer vitelline, a middle chitin, and an inner lipid layer, probably forms an insulating
protective barrier not only physically but also thermally [68]. Moreover, eggs are laid by
the female into a gelatinous matrix, creating the egg mass. This gelatinous matrix holds
the eggs together and protects them from extreme environmental conditions, including
extreme temperatures [69].

The highest expression levels of the analysed hsp genes were most often observed after
1, 2, 8, and 24 h of incubation at a stress temperature. After that period, their expression
decreased, especially in J2. This is in line with the results obtained for C. elegans, where
changes in expression of the dnj12, dnj19, and dnj13 genes in 10-day old nematodes after
heat stress were found to be much less marked than in 4-day nematodes [60]. In 1-day
old C. elegans, the expression of the hsp70, hsp16.2, and hsp16.11 genes after heat stress
was much higher than in 4- and 7-day old nematodes [70]. The reason for the decrease in
expression levels of the studied genes may be attributable to damage to proteins associated
with the aging of cells at the tested J2 individuals of M. hapla, as misfolding and the loss of
functions of various proteins sensitive to temperature [70] were observed in C. elegans as a
result of the aging of this organism.

The results of this study, as well as those of Bai [25] and Dobosz [27], suggest that
Mh-hsp1 and Mh-hsp90 genes could be used as bioindicators to reflect the impact of the
environmental impact more fully of root-knot nematodes. An interesting research aspect
would also be to undertake research on the silencing of the expression of these two genes,
Mh-hsp90 and Mh-hsp1, whose expression, as a result of heat stress, reached the highest
levels in the presented research. This would provide scope and ample opportunity to learn
the functions of these genes in M. hapla.

4. Materials and Methods
4.1. Meloidogyne hapla Culture

The individuals of M. hapla were harvested from the roots of carrots (Daucus carota L.)
and morphologically and genetically identified in accordance with Karssen’s and Petersen
and Vrain’s diagnostic protocols [71,72]. The nematodes were cultured on tomato plants
(Solanum lycopersicum L., Moneymaker variety). Tomato plants were placed in phytotron
chambers where they were grown in temperature conditions 20 ◦C/18 ◦C (day/night)
and a 16/8 h photoperiod (day/night) until they developed from four to five full proper
leaves. The seedlings were subsequently repotted to receptacles filled with soil (1:1 gravel
and soil for the production of vegetables), which contained J2 of M. hapla, at a density of
50 individuals per 200 cm3 of the soil. After 60 days, the roots of the tomato plants were
gently removed from the soil and rinsed with water. Egg masses (containing nematodes in
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the developmental stage of the egg) were mechanically obtained from the cleaned roots and
placed in the water in Petri dishes (3.5 cm in diameter, 1 cm in height). Using a stereoscopic
microscope (Leica M205 C), egg masses were segregated, and the stage of their development
was assessed based on size and colour. Egg masses at an early stage of development are
smaller, whitish, and contain eggs at the stage of embryonic development leading to the
creation of the first-stage juveniles (J1). Mature egg masses are larger, brownish, and contain
eggs at various stages of embryo development, as well as J1s and J2s ready to leave the
eggs [24,73,74]. Only white egg masses were chosen for the egg stage tests. J2 individuals
were obtained from all egg masses, both more or less mature. For this purpose, the egg
masses were incubated in water in Petri dishes at the optimal temperature of 20 ◦C until J2
emerged from the eggshells [32].

4.2. Heat and Cold Stress

The study was performed in three repetitions according to the modified methodology
of De Luca [24]. Separately, one egg mass (egg stage) and 200 J2 (up to 24 h from hatching)
were placed in a Petri dish each (3.5 cm in diameter, 1 cm in height) in distilled water (4 mL).
Petri dishes, thus prepared, were incubated at the appropriate temperature for 1, 2, 8, and
24 h; J2 were additionally incubated for 336, 1008, and 1344 h at stress temperatures and
in non-stress temperatures (normal conditions). The stress temperatures that significantly
limited the development of northern root-knot nematode were found to be 5 ◦C, causing
cold stress [32–34], and 35 ◦C and 40 ◦C, causing heat stress [35–37]. The temperature range
from 10 ◦C to 30 ◦C constitutes normal conditions as the ontogenesis of this nematode
species unfolds at these temperatures, progressing at the lowest rate at 10 ◦C and at the
highest rate at 30 ◦C. [35,38]. The control temperature adopted throughout the duration of
the experiment was 20 ◦C, the optimum temperature for development of M. hapla [36,75]
(Figure 3).
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Figure 3. Incubation temperatures selected for the experiments (O–optimum temperature/control)
(according to [32,33,36,67]).

The exposure of the nematodes at the mentioned temperatures was carried out in
the incubator (Shaking incubator, NB-205V). After this exposure, the mortality of J2 was
checked using a light microscope. Dead J2 were not used for tests. Then, both developmen-
tal stages of the nematodes were immediately transferred to Eppendorf tubes and preserved
with phenosol (RNA preservative reagent by A&A Biotechnology RNA) and frozen at
−80 ◦C, until the extraction of total RNA was obtained. RNA extraction, cDNA synthe-
sis, primer design, and quantitative polymerase chain reaction (qPCR) were performed
according to the methodology described in the publication by Dobosz [27].

4.3. Data Analyses

The values obtained for three independent tested samples were compared with the
values calculated for control samples. For this purpose, the t-Student test was used [76].
The obtained data were modeled using generalized linear models (GLM) with a Gaussian
(normal) error distribution [77]. All calculations were performed in the R computing
environment [78]. The leading predictors in all models were temperature and incubation
time, which were treated as categorical variables (factors). The reference level was 20 ◦C
and the incubation time was 1 h. The model that was most suitable for the data was selected
using model selection procedure, in which the fit of the models was assessed based on
information theory criteria. In addition, packages from the “tidyverse” library were also
used for calculations and visualization of results.
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5. Conclusions

Thus far, hsp gene expression profiling has not been performed in M. hapla. It has been
demonstrated for the first time that genes Mh-hsp90, Mh-hsp1, Mh-hsp4, Mh-hsp6, Mh-hsp60,
Mh-dnj19, Mh-hsp43, and Mh-hsp12.2 respond to stress temperatures differently in eggs
and in J2 of M. hapla. Changes in the expression level of most hsp genes (in addition to
the Mh-hsp43 and Mh-hsp12.2 genes) were found to be more marked in J2 than in eggs.
This suggests that eggs are less sensitive to stress temperatures. The obtained results also
suggest that Mh-hsp90 and Mh-hsp1 genes can be used as bioindicators of the environmental
impact on nematodes belonging to the genus Meloidogyne. On the other hand, the Mh-hsp1
gene may be involved in acquiring thermotolerance by J2 of M. hapla.
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