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Eutrophic freshwater ecosystems are vulnerable to toxin-producing cyanobacteria growth or harmful algal blooms.
Cyanobacteria belonging to the Nostocales order form akinetes that are similar to the seeds of vascular plants, which are
resting cells surrounded by a thick membrane. They overwinter in sediment and germinate when conditions become
favorable, eventually developing into vegetative cells and causing blooms.
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| 1. Introduction

Cyanobacteria are known to be the primary source of various toxins and odorous substances in freshwater ecosystems 11
(21, Bloom of cyanobacteria pose a critical threat to water resources management by causing harm to the ecosystem and
human health, and thus impairing water use [BI4IE],

Some cyanobacteria that cause harmful algal blooms have a survival strategy that enables multi-year blooms that allow
them to overcome periods of unfavorable growth by forming specialized cells called akinete within their life cycle B, The
akinete-forming cyanobacteria are filamentous cyanobacteria that mostly belong to the Nostocales order, of which the
genera Anabaena, Aphanizomenon, Cylindrospermopsis, Nodularia, Gloeotrichia, Nostoc, Nostochopsis, and
Westiellopsis are known, while the genera of Hapalosiphon and Stigonema of the Stigonematales order have also been
reported B8], Compared to vegetative cells, akinetes are larger in size @ and surrounded by a thick cell wall, which can
protect them from adverse environmental conditions 2%, Akinetes also contain large amounts of energy stores and nucleic
acids, which allow them to grow quickly through germination when the surrounding environmental conditions are
favorable. In this way, akinetes serve as seeds for the initial growth of vegetative cells 1. Akinetes endow an ecological
advantage because they can survive unfavorable growth conditions, and thus, cyanobacteria can produce akinetes to
enable perennial blooms [12I13],

The life cycle of akinete-forming cyanobacteria can be divided into vegetative cell and akinete stages X4. These two
stages have ecological significance by bridging the water column and the sediment 12, Akinetes formed from vegetative
cells remain dormant in the sediment when the growth conditions are unfavorable, but when these environmental
conditions improve, they germinate and are recruited to the water column to grow into vegetative cells LL1EIA7](18]
Therefore, it is very important to have information on the environmental factors involved in the formation and germination
of akinetes and their tolerances to understand the overall life cycle of cyanobacteria, including their death and
development, and such information can provide basic guidance for harmful algal bloom management.

| 2. Temperature

In aquatic ecosystems, temperature is one of the critical environmental factors that drive the seasonal succession of algae
(19 |n particular, many eutrophic lakes and streams in temperate climate regions experience cyanobacteria blooms during
the summer because such blooms prefer high water temperatures 2. The germination of akinetes is strongly influenced
by temperature. Several experimental studies have shown that the range of temperatures that induce akinete germination
is quite wide, where the optimum temperature for the initiation and triggering of germination is species-specific. Nodularia
spumigena akinetes began to germinate at 15 °C, and the germination rate increased with increasing temperature, with
the highest germination rate (80%) seen at 24 °C (experimental condition: temperature 12—24 °C, light 25 pmol m™2s™,
BG-11 medium) (Figure 1. ®) 29, Akinetes of Dolichospermum circinale germinated over a wide range of water
temperatures (12—25 °C) but with very narrow optimal temperature ranges . Park LU reported that akinetes of D.
circinale isolated from the sediment of a reservoir started germination at 12 °C and showed a low germination rate (<10%)
until 17 °C but then germinated explosively (>80%) at 19—-20 °C (experimental condition: temperature 12-25 °C, light 30



umol m=2 s71, filtered lake water in chamber) (Figure 1. ®). The optimal germination temperature (19-20 °C) coincided
with the average reservoir water temperature in June when there was an increased density of vegetative cells, and
explosive akinete germination led to the development of vegetative cells in the water column. These results provide
important information that can inform the proactive identification and control of D. circinale blooms in the field. Other data
indicate that D. circinale akinetes may have a wider range of germination temperatures (5—-38 °C) depending on the
characteristics of the water body in which they reside and that temperatures above 20 °C (20-25 °C) are required to
trigger germination (Figure 1. ®). However, multiple studies have shown that very high temperatures (>30 °C) lead to a
tendency for no germination or reduced germination rates 19211122 Anapaena vaginicola akinetes have been shown to
germinate over a relatively wider temperature range (5—45 °C). The highest germination rate occurred at 25 °C (94%),
while it decreased to less than 5% at temperatures > 35 °C (experimental condition: temperature 5-45 °C, light 32.4 ymol
m~2s71, Basal medium) 23 (Figure 1. ®). Meanwhile, the akinetes of Cylindrospermopsis raciborskii have been found to

germinate in the range of 15-25 °C, and the optimum germination temperature has been found to be 22-24 °C (Figure 1.
) [24](25](26],

e GR>80%  Germination range =

Dolichospermum circinale @ | - yu—— - Formationrange == | 11
Optimum range e=—e

Optimum o

: = GR50% H—o— Inhibition 4
Anabaena iyengarii @ 25

{ GR10%

Anabaena flos-aquae 3 30,32-34

@————o formation
Anabaena solitaria @ ® GR40% 15
: =
Anabaena circinalis 10,19,27,29.45
Anab vaginicola ® I i %

GR 94%

Anabaena crassa @) 74

L ——r

k | GR70%
Anabaena ucrainica 45

@GR 80%

Nodularia spumigena ® 20
L e
Cylineropsermopsis raciborskii @ E 50-52,73
-
Aphanizomenon ovalisporum @ | I — 74
Aphanizomenon gracile @ . 44
formation
———= GR66%
Nostochopsis lobatus @ m———t >35C 25
f——* GR60%
Westiellopsis prolifica @ 25

=== >35C

0 5 10 15 20 25 30 35 40 45 50

Temperature (°C)

Figure 1. Graphic summary of temperature-dependent akinete germination and formation of cyanobacterial species from
the Nostocales order. Numbers appearing on the right column are those in accordance with the list in the references. GR:
akinete germination rate.

Taken together, these results suggest that akinetes of some species of cyanobacteria have a similar range of germination
and triggering temperatures. On the other hand, the germination of akinetes also seems to be related to the temperature
regime of the specific environment(s) in which they live and the temperature tolerances of the cyanobacteria. In Sweden,
Anabaena solitaria akinetes showed the highest germination rate (40%) at 17 °C (experimental condition: temperature 7—
17 °C, light 100 umol m™2s71, filtered lake water) (Figure 1. @) 121, Anabaena ucrainica akinetes started germination at 8
°C, with a high germination rate of 70% in the range from 14 to 23 °C (experimental condition: temperature 5-32 °C, light
70 pmol m=2s™1, CT medium) (Figure 1. ®); the temperature range of germination was 8-32 °C, but the germination rate
decreased (<40%) above 26 °C [&. Unlike other cyanobacteria in the genus Anabaena, Anabaena flos-aquae akinetes
have shown high germination rates at low temperatures (5 °C: 49%, 10 °C: 51%) (experiment condition: temperature 5-30
°C, light 30 pmol m™2 s71, filtered lake water) (Figure 1. ®@). However, akinete germination was significantly reduced
(<2%) at temperatures above 20 °C. The high germination rate of this species at low temperatures coincided with the
water temperature range (<10 °C) during the season (Oct-Nov), during which the cell density of A. flos-aquae spiked in



the field 281, By contrast, in India, Anabaena iyengarii did not germinate at all at <29 °C, while it predominantly germinated
(>40%) at 29-35 °C (experimental condition: temperature 29-41 °C, light 0-40.5 umol m=2s7%, BG-11 medium) [22.
Akinetes of Nostochopsis lobatus and Westiellopsis prolifica have also shown high germination rates at high temperatures
(29-35 °C: >30%), where the highest germination rates were 66% and 60%, respectively, at 35 °C (Figure 1. ®, @) [,

The literature clearly indicates that temperature is a critical factor in the germination of akinetes. However, temperature
tolerances, including the temperature at which germination begins and the optimum temperature for germination, vary
among different species of cyanobacteria. Differences in laboratory culture conditions (temperature, light, nutrients, etc.)
may affect the germination of akinetes of the target species, but another factor may be the adaptation of the
cyanobacteria in the field to the local environment (and the temperature regime in particular) or laboratory culture
conditions. For example, the difference between Anabaena flos-aquae, which has a high germination rate at low
temperatures, and Anabaena iyengarii, which has a high germination rate at high temperatures, is understood to reflect
differences in water temperature in the environments in which these two species occur 2823, p_circinale has also been
shown to have different germination temperature ranges in several studies 12122 These results suggest the possibility
of the occurrence of ecotypes, by which even the same species shows different germination responses in terms of
temperature when inhabiting different environments BYBE2 |n conclusion, although the germination of akinetes in
cyanobacteria can occur at low temperatures, the optimal germination temperature at which a high proportion of
germination is triggered is similar to the temperature range at which vegetative cells grow actively, suggesting that the
germination of akinetes and the development of vegetative cells in the aquatic environment may be closely linked in time.

| 3. Light

Prior studies have demonstrated that light is a critical resource that allows akinetes to germinate 22281331 Anapaena
circinalis has been found to germinate in the light intensity range of 5-100 pmol m~2s~1, with a maximum germination light
intensity of 30 pmol m2s™! (Figure 2. ®) [224B4 According to van Dok and Hart B4, A. circinalis akinetes did not
germinate in dark conditions without light, and an increase in light intensity in the range of 15-50 pmol m=2s™* did not
significantly induce an increase in germination rate, thus showing similar results (germination rate: 17-23%) (experimental
condition: temperature 25 °C, light 0-50 ymol m=2s71, ASM-1 medium). Park et al. 22 also showed that akinetes of A.
circinalis did not germinate under dark conditions, with a germination rate of 45% at 5-10 ymol m~2s™? light conditions,
and the highest germination rate of 60 % at 30 umol m™2s™1. On the other hand, at light intensity exceeding 50 pmol
m=2s™1, the germination rate decreased (10%) (experimental condition: temperature 25 °C, light 0—100 pymol m™2s7%,
filtered lake water). Anabaena cylindrica akinetes also germinated in a wide light intensity range of 2-60 pmol m=2s™1
(experimental condition: temperature 27 °C, light 2-60 umol m2s~1, Detmer medium) (Figure 2. @) [33],
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Figure 2. Graphic summary of light-dependent akinete germination and formation of some cyanobacterial species from
the Nostocales order. Numbers appearing on the right column are those in accordance with the list in the references. GR:
akinete germination rate. FR: akinete formation rate.

Several studies have demonstrated that light is an essential resource for akinete germination, but some authors have also
observed germination in the dark. However, the observed effect has been very small. In Park I, Dolichospermum
circinale akinetes were shown to be germinated in the dark, albeit very weakly (germination rate: 3%) (experimental
condition: temperature 20 °C, light 0-100 pmol m=2s71) (Figure 2. @). Further, Kim et al. 28 showed that Anabaena flos-
aquae germinated under dark conditions (germination rate: 4%) (Figure 2. ®). As light is an essential resource for
photosynthesis, then even if germination can occur under dark conditions, such conditions still cannot promote vegetative
cell growth, so akinete germination under dark conditions observed in the above studies may not be a common
phenomenon, particularly in the conditions that are common in the field. The observed positive correlation between
chlorophyll-a concentration and germination rate in akinetes of Anabaena circinalis suggests that their germination rate is
related to photosynthesis 29,

In general, the light intensity required for akinete germination is not high 222334l pyt the range of light intensities for
germination and the optimum light intensity varies among different species of cyanobacteria. Further, in certain light
intensity ranges, akinete germination is promoted by increasing light intensity I35, Anabaena flos-aquae akinetes were
found to germinate at light intensity 0-30 pmol m™2s™! and showed a high germination rate (>53%) at 5-15 umol m=2s™*
(experimental condition: temperature 10 °C, light 0-30 pmol m™2s71, filtered lake water) 28 Anabaena iyengarii akinetes
also germinated under low light conditions (experimental condition: temperature 29—41 °C, light 0-40.5 pmol m=2s1) (22,
They germinated more than 20% in the range of light intensity 4.05—27 pmol m=2s71, while they showed the maximum
germination rate (38%) at light intensity 4.05 pmol m2s1. On the other hand, no germination of A. iyengarii akinetes
occurred under very low and high light intensity (0-1.35 pmol m™2s! and 40.5 umol m=2s71, respectively), nor did
Nostochopsis lobatus and Westiellopsis prolifica akinetes germinate under the same experimental conditions (Figure 2.
@, @). For N. lobatus, the akinete germination rate increased with increasing light intensity within the range of 4.05-27
umol m™2s7%, and it was highest (38%) at 27 umol m=2s™1. W. prolifica akinete started to germinate at 4.05 pmol m=2s™!
(30% germination rate), followed by germination rates of 14% at 6.75 pmol m=2 s~ and 28 % at 27 pmol m™2s71 2, On
the other hand, Nodularia spumigena germinated at a rate of 29% under very low light conditions of 0.5 pmol m™2 s™%, and
the germination rate increased with increasing light intensity (experimental condition: temperature 21 °C, light 0-99 pymol
m~2 s71) (Figure 2. ®) (29, This species did not germinate under dark conditions, with a germination rate of 51% at 9 pmol



m s72°! and a rate of more than 80% at 80 ymol m~2s™. Notably, germination was triggered at low light levels, ranging
from 0.5 to 9 pmol m™2s™1, after which it continuously up to 80 umol m™2s™.,

Several previous studies have shown that akinete germination occurs over a wide range of light intensities, although with
generally higher germination rates at lower light intensities than the corresponding rates at higher light intensities. This
suggests that akinetes do not require high light levels to germinate. Although some cyanobacterial akinetes have been
shown to germinate in the dark, albeit to a very small extent, in most experiments, akinetes did not germinate in the dark.
Given that the germination of akinetes in the field begins in the sediment, which is subject to dilution and extinction of light
through the water column, it is ecologically plausible to assume that germination occurs under low light conditions 281,
Further, within the range of low light intensities, an increase in light intensity is linked to an increase in photosynthesis in
germinated cells, which may facilitate akinete germination. Compared to water temperature, changes in light intensity are
relatively less seasonal, so the effect of light on akinete germination in the field is likely to be more dependent on spatial
differences (water column versus sediment) than seasonal differences. In particular, for akinetes that are distributed in
shallow sediments, the availability of light is likely to initiate and trigger germination 7.

| 4. Nutrients

Unlike external stimuli, such as temperature and light, nutrients can potentially affect akinete germination by determining
the physiological state inside the akinete cell; i.e., nutrients are involved in the synthesis of energy materials and nucleic
acids that akinetes need to activate germination and cell division 822 Several studies have demonstrated the potential
impact of nitrogen and phosphorus on akinete germination [22[23113411401 |t has also been shown that different types of
nutrients affect germination in unique ways and that the concentration of nutrients necessary to trigger germination differs
not only among different species but also within the same species 11411,

Two studies on Nodularia spumigena showed the existence of different dose-response relationships between akinete
germination and nutrient (nitrogen and phosphorus) concentrations (Figure 3. ® ; Table 1) 2942 |n Huber 29, p.
spumigena akinetes germinated more than 80% evenly in a wide concentration range (0-54.3 mgL™1) when nitrate was
added, regardless of the concentration difference, but this did not occur when ammonium was added (0.14—2.28 mgL™1),
as the germination rate, in that case, was highest (>80%) at 0.14 mgL™%, and germination was inhibited at higher
concentrations (experimental condition: temperature 21 °C, light 25 pmol m™2s™1, N and P addition in BG-11 medium). On
the other hand, overall, more than 60% of akinetes germinated under the conditions of phosphorus addition (0.113-
28.212 mgL™), but they did not germinate at all when phosphorus was deficient. Huber 29 showed that nitrate had no
effect on germination and that a very low phosphorus concentration was required for germination. However, Myers et al.
(421 showed that N. spumigena akinete germination rates were positively correlated with both nitrate and phosphorus
concentrations (experimental condition: temperature 21 °C, light 40, 100 umol m=2s™1, N and P addition in MLA medium).
The addition of phosphorus in the concentration range of 0-2.5 mgL™! showed a maximum germination rate of 20% at a
concentration of 2.5 mgL™t. The overall germination rate as a function of phosphorus concentration was shown to be
affected by light intensity, with the germination rates observed at 40 umol m=2s™! being higher than those observed at 100
pumol m~2s71, In the range of nitrate concentrations from 0 to 3 mgL™?, the highest germination rate was 25% at 3 mg/L,
and contrary to the case of phosphorus, the germination rate was higher at 100 pmol m™2s™.
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Figure 3. Graphic summary of nutrient-dependent akinete germination and formation of some cyanobacterial species
from the Nostocales order. Numbers appearing on the right column are those in accordance with the list in the references.
GR: akinete germination rate.

The results of some prior studies indicated that nitrogen has an unclear effect on akinete germination (Figure 3. @, @;
Table 1) B3I34] |n van Dok and Hart 341, Anabaena circinalis akinetes germinated at a high rate even without nitrogen
addition. The germination rate was increased with increasing nitrate concentration; meanwhile, ammonium addition
inhibited akinete germination. On the other hand, the germination rate increased by more than three times with the
addition of phosphorus (experiment condition: temperature 25 °C, light 30 umol m™s™, N and P addition in ASM-1
medium). In Yamamoto 3] the addition of nitrate had no effect on A. cylindrica akinete germination; instead, organic
carbon (acetate) accelerated germination. By contrast, Rai and Pandey 23 reported that nitrate had a greater effect on
akinete germination than phosphorus, based on the results indicating that Anabaena vaginicola showed a high
germination rate of 96% in nitrate-supplemented conditions whereas it showed a germination rate of 43% in phosphorus-
deficient conditions (experimental condition: temperature 25 °C, light 32.4 pmol m™2s~1, basal medium) (Table 1).

On the other hand, both nitrogen and phosphorus appear to have a synergistic effect on akinete germination (Figure 3. ®;
Table 1) 2234 park et al. 22 found that Anabaena circinalis akinete germination was highest (55%) in conditions
involving the addition of both N and P, while the germination rate was lowest (10%) in conditions where both of them were
deficient. However, when N and P were treated separately, nitrogen induced a higher germination rate (50%) than
phosphorus (<25%) (experimental condition: temperature 25 °C, light 30 umol m=2s71, -N-P, +N-P, -N+P, +N+P in CB
medium). The same results were found in Anabaena iyengarii akinetes B9, Specifically, Agrawal and Misra 49 reported
that germination was highest (50%) in conditions where both nitrate and phosphorus were added; meanwhile, in
conditions where nitrate and phosphorus were deficient, germination decreased to 30% and 40%, respectively. The
germination rate was lowest (20%) in the condition where both N and P were deficient (experiment condition: temperature
22 °C, light 40 pmol m=2s71, -N-P, +N-P, -N+P, +N+P in basal medium) (Table 1). In Park’s & study, where nitrate and
ammonium were used as nitrogen sources simultaneously, the main nutrients of Dolichospermum circinale akinete
germination were ammonium and phosphorus, while in the nitrate condition, more than 80% of the akinetes germinated in
the P-only addition regardless of N addition, thus showing the synergistic effect of N and P (experimental condition:
temperature 20 °C, light 30 pmol m™2s™1, -N-P, +N-P, -N+P, +N+P in CB medium) (Figure 3. ©®; Table 1). On the other
hand, in the ammonium addition condition, the germination rate was highest (91%) in the [+N-P] condition, while P had an
almost insignificant effect. Based on the experimental results, the optimal concentration range for D. circinale akinete
germination was suggested to be NOz-N 1-3 mgL™, NH,-N 0.05-0.2 mgL™!, and PO,-P 0.005-0.5 mgL™1 [
Westiellopsis prolifica akinetes were germinated at a more than five-fold increase under conditions with added nitrogen or
phosphorus compared to nitrate or phosphorus deficiency 23l The germination rate was highest at 58% under conditions
where both nutrients were added simultaneously 29, This species germinated 35% in nitrate deficiency and 26% in
phosphorus deficiency, with the lowest germination rate of 20% in conditions where both were absent. Similarly,
Nostochopsis lobatus showed similar germination rates (54%) to A. iyengarii and W. prolifica in conditions where both
nitrate and phosphorus were added (Table 1) “9. However, their germination rates in nitrate-deficient and phosphorus-
deficient conditions were similar, at respective values of 38% and 35%, while they showed a germination rate of 24% in
conditions lacking both nutrients.

Altogether, the literature on the relationship between nutrients and akinete germination suggests that nitrogen and
phosphorus both play important roles in germination. However, the effects of nitrogen and phosphorus are different for
akinetes of different species of cyanobacteria, and they are also different for the same species of cyanobacteria (Figure 3;
Table 1). Nitrogen and phosphorus also appear to be synergistic in increasing akinete germination rates. The nutrient
dose responses to germination were shown to vary among species, and even within the same species, and for nitrogen,
the contribution of different nitrogen sources was different, with nitrate having extreme effects. In some cases, germination
occurred even in the absence of nitrate, while in others, germination increased with higher nitrate concentration. However,
in many cases, ammonium had a greater impact on increasing germination rates than nitrate.

These conflicting results across studies may be attributable to several factors, including different experimental conditions
(e.g., differences in medium, field isolates, or laboratory cultures, differences in physiological status, differences in nutrient
concentrations treated, differences in environmental conditions other than nutrients, etc.). They may also be due to the
different physiological effects of nitrogen and phosphorus on akinete germination and growth for cyanobacterial species.
In the field, nutrients may not be a critical factor limiting akinete germination, as suggested by the fact that the germination
of akinetes has been observed under experimental conditions even without the addition of nutrients . This may be
because, within aquatic ecosystems, akinetes are present in the sediment or at the water—sediment interface, where the
nutrient concentrations are typically high. Moreover, akinetes contain high concentrations of nitrogen and phosphorus



inside their cells. Under these circumstances, it is unlikely that additional nutrients will be needed. However, in situations
where akinete germination is already underway, the supply of additional nutrients will induce an increase in the
germination rate and contribute to the development of vegetative cells. Therefore, nutrients are likely to play a greater role
in the progression of germination to vegetative cells than they do in influencing the initiation of germination.

Table 1. Literature summary of nutrients effects on cyanobacterial akinete germination and formation.

No Cyanobacteria Species Effects of N and P on AKINETE Ref
With nitrate: Germination rate (GR) > 80% in (-N or +N)+P condition (Little effect

of nitrate) 1
With ammonium: GR 91% in +N-P condition (Little effect of P)

The highest akinete formation (420 akinetes/g) in +N+P (N=NH4-N) condition

® Dolichospermum circinale

GR 50% in +N+P (N=NO3-N); GR 20% in -N-P (N=NO;-N) 0
Formation rate (FR) 6% in +N+P condition

B

@  Anabaena iyengarii

®  Anabaena circinalis GR 55% in +N+P; GR 50% in +N-P; GR 25% in -N+P; GR 10% in -N-P 22

Akinete formation in P (0.06mg/L) addition; no formation without N [24]
@  Anabaena cylindrica No akinete formation in the absence of N [44]
®  Anabaena vaginicola GR 96% in NO3-N addition; GR 43% in P deprivation 2
® Anabaena lemmermannii Akinete formation in the absence of P 145]
@ Anabaena crassa No formation when depriving both N and P [46]
Nodularia spumigena High germination (>80%) under broad range of NO3-N (0-54.3 mg/L) 20
® Cylfndroseermopsis FR ipcreasec! with increa_sing P conc._ ) 1471

raciborskii Maximum akinete formation (2310 akinetes/mL) in 70 ugPI/L

® Nostoc palusodum Akinete formation in the absence of P 48]
@ Nostochopsis lobatus '(:5:55543: ii: :’I\l\l::, GR 38% in -N+P; GR 35% in +N-P; GR 24% in -N-P [40]
® Westiellopsis prolifica GR 58% in +N+P; GR 35% in -N+P; GR 26% in +N-P; GR 20% in -N-P [40]

FR 70% in +N+P

| 5. Hydrogen lon (H*) Concentration

Several studies have demonstrated that hydrogen ion concentration is an environmental factor that substantially affects
both akinete germination and vegetative cell growth 2949 The effect of pH on akinete germination has been reported in
several species of the genus Anabaena. Fischerella muscicola germinated in the pH range from 6 to 10 and did not
germinate at all in acidic conditions (pH < 5) (Figure 4. ©). Moreover, the germination rate increased with decreasing H*
concentration, with the maximum germination rate at pH 9 (68%), and the germination rate decreased rapidly (<50%) at
pH 10 and above (experimental condition: temperature 25 °C, light 50 pmol m™2s™%, N-free chu medium, pH 5-10) 5%, n
the range of pH 6-11, Anabaenopsis arnoldii akinetes had the highest germination rate at pH 7 (64%) and maintained a
high germination rate up to pH 8.5 (58%). However, the germination rate decreased at pH 9 and above (experimental
condition: temperature 28 °C, light 32.4 pmol m™2s™1, SSM medium, pH 4.5-11) [B1],
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Figure 4. Graphic summary of pH-dependent akinete germination of some cyanobacterial species from the Nostocales
order. Numbers appearing on the right column are those in accordance with the list in the references. GR: akinete
germination rate.

By contrast, Anabaena fertilissima germinated evenly over a wide range of pH from 5.5 to 11 (Figure 4. ®). Almost all
akinetes germinated at pH 7-10.5 (98%), with 75% germination observed even at pH 11. Notably, this species was found
to germinate in all acidic, neutral, and alkaline conditions (experimental condition: temperature 28 °C, light 32.4 pymol
m=2s71, SSM medium, pH 4.5-11) B, Anabaena vaginicola started germination at pH 6 (23%), and the range in which it
showed maximum germination was pH 7-9 (>95%). However, akinetes did not germinate under conditions below pH 5.5
and above pH 11 (experimental condition: temperature 25 °C, light 32.4 umol m=2s™1, Basal medium, pH 5-12) (Figure 4.
@) [23 unlike other cyanobacteria in the genus Anabaena, Anabaena cylindrica akinetes even germinated under acidic
conditions of pH 4. A. cylindrica akinete germinated in a very wide range from pH 4 (<5%) to pH 11 (<20%), while its
germination rate was highest (28-30%) at pH 7-8. However, germination decreased below pH 6 and above pH 10
(experimental condition: temperature 27 °C, light 67.5 umol m=2s71, Detmer medium, pH 2-12) (Figure 4. ®) 23],

The decrease in akinete germination under acidic and alkaline conditions appears to be related to the destruction of
akinetes under strong acidic and strong alkaline conditions. Park et al. 22 observed the destruction of the akinete cell wall
in Anabaena circinalis at pH 5-6 (germination rate: 10%) and pH 11-12 (0%). High germination rates were found in the
ranges of pH 7-8 (55%) and pH 9-10 (40-45%) (experimental condition: temperature 25 °C, light 30 ymol m™2s™, CB
medium, pH 5-12) (Figure 4. ®). Very high or low pH can alter the permeability of the cell membrane, which affects ion
uptake and may also lead to a loss of soluble metabolites B253]. On the other hand, in Kwon et al. B4, Dolichospermum
circinale akinetes were shown to germinate in strong alkaline conditions of pH 12, albeit weakly (<10%) (experimental
condition: temperature 25 °C, light 30 pmol m=2s™1, CB medium, pH 5-12) (Figure 4. @). However, aligning with the
results of other studies, the range in which maximum germination occurred was found to be pH 7-9, with 35% germination
at pH 7, 70% germination at pH 8, and 50% germination at pH 9. Anabaena iyengarii akinetes germinated in the pH 6-11
range. The highest germination rate occurred at pH 7-8 (48-50%), and the germination rate decreased by more than 40%
as the pH increased from 8 to 11 (experiment condition: temperature 22 °C, light 40 pmol m=2s7%, basal medium, pH 4—
11) (Figure 4. ®) 149,

Nostochopsis lobatus akinetes have also been shown to germinate at the highest rate (>62%) at pH 7-8 (Figure 4. @)
(491 However, they showed low germination rates of < 30% at acidic conditions, pH 5-6, and weakly basic conditions, pH
9-11. Similarly, Westiellopsis prolifica exhibited the highest germination rate (>55%) at pH 7-8. At pH 5, the germination
rate was 5%, and at pH >9, the germination rate started to decrease, with the lowest germination rate (6%) observed at
pH 11 (Figure 4. ®) 49,

Most prior studies have shown that the pH tolerance for the germination of cyanobacteria akinetes broadly ranges from
acidic to alkaline but that the most favored range for germination is neutral to slightly alkaline and does not seem to vary
much among species. In some experiments, species have been reported to germinate in strongly acidic or strongly
alkaline conditions, such as pH 4 and pH 12, but at very low or zero rates (0-< 10%). Since akinete needs to grow into a



vegetative cell after germination, it is not surprising that the pH conditions for germination and cell growth are almost
identical [221401(55]

6. Dissolved Oxygen (DO), Salinity, and Sediment Disturbance (Mixing and
Turnover)

The tolerance of akinetes to DO is not well understood, and there have been limited DO studies involving germination.
This may be attributable to the fact that, in the field, akinetes are buried in the sediment, which makes it difficult to
determine the direct effects of oxygen. Kim et al. 281 measured Anabaena flos-aquae akinete germination and DO
concentration in the sediment of a reservoir; the reservoir hypolimnion was seen to remain aerobic (7-17 mg O,L™)
during the sampling period, and there was no correlation observed between akinete germination and DO concentration.
However, Fay et al. 19 showed that, for the akinete of Anabaena circinalis, after germination at low light levels, the first
response was oxygen uptake for respiration. This suggests that DO may not be the primary factor that induces
germination but that it is associated with increased cellular activity for energy production (photosynthesis) during the early
stages of germination 22, However, low oxygen concentrations may increase akinete viability in the long term by reducing
the energy required for respiration 28, On the other hand, DO has been shown to be essential for akinete germination in
Anabaena cylindrica and Nostoc PCC 7524 B35 and it showed a five-fold higher germination rate under aerobic
conditions compared to anaerobic conditions B3],

Several prior studies have shown that different species of cyanobacteria appear to have different salinity tolerances for
akinete germination. Nodularia spumigena, a brackish-water blue-green alga, showed a decreased germination rate of
akinetes in response to the addition of both low concentrations 28 and high concentrations 29 of sodium chloride. Silveira
and Odebrecht B3 showed that salinity had a greater effect on N. spumigena akinete germination compared to
temperature. This species showed that akinete germination was highest at salinities of 7 and 15 ppm, while it was lowest
at 1 ppm. Myers et al. 2 also found high germination rates between salinities 5 and 15. These results indicate that
fluctuations in salinity in brackish-water conditions significantly affect the germination of this species. Baker and
Bellifemine (21 showed that Anabaena circinalis is tolerant to moderate salinities. Increasing salinity to 2.5 gL™! increased
akinete germination to 27%, with a sharp decrease at >5 gL™! and no germination at the concentration of 10 gL ™.

Several studies support the hypothesis that the mixing of water and sediment plays an important role in the formation of
blooms of akinete-producing cyanobacteria. This hypothesis is supported by the results of higher recruitment rates of
vegetative cells in shallower sediment, i.e., the shallow littoral zone, which tends to be more susceptible to disturbance
than deeper sediment BZEEI60 Moreover, data from several studies have shown that shallow sediments are important
seed banks or inoculation sites for akinetes. In Gleotrichia echinulate, recruitment from the sediment bed to the water
column via akinete germination was found to be significantly enhanced by mixing the sediment bed through bioturbation
or physical processes BBl |n |ake Kinneret, the sediment in the littoral zone was found to be easily resuspended by
wind-driven waves, which affected the akinete germination and recruitment of Aphanizomenon ovalisporum into the water
column B2 Therefore, it is possible that the littoral zone of shallow lakes, shallow marshes, and deep lakes represent a
conducive environment for akinete germination because the mixing of sediments and continuous resuspension from the
sediment into the water column can expose akinetes to the appropriate environment (e.g., light and oxygen) for
germination.
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