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Population-based threshold models using hydrothermal time (HTT) have been widely used
to model seed germination. We used HTT to model conidial germination and mycelial
growth for the seed pathogen Pyrenophora semeniperda in a novel approach to understand-
ing its interactions with host seeds. Germination time courses and mycelial growth rates
for P.semeniperda were measured on PDA amended to achieve a series of five water poten-
tials (ca. 0 to —6 MPa) at six constant temperatures (5—30 °C). Conidial germination was
described with alternative population-based models using constant or variable base and
maximum temperature and water potential parameters. Mycelial growth was modeled
as a continuous, linear process with constant base temperature and base water potential.
Models based on HTT showed reasonable fit to germination and growth rate data sets. The
best-fit conidial germination model (R? = 0.859) was based on variable base and maximum
temperature as a function of water potential. The good fit of the linear mycelial growth
model (R? = 0.916) demonstrated the utility of HTT for modeling continuous as well as pop-
ulation-based processes. HTT modeling may be a useful approach to the quantification of
germination and growth processes in a wide range of filamentous fungi.

Published by Elsevier Ltd on behalf of The British Mycological Society.

Introduction

process is inhibited whenever T is below the base temperature
(Tp) or W is below (i.e., more negative than) the base water po-

Hydrothermal time (HTT) is a modeling approach that is use-
fulin describing and quantifying the combined effects of tem-
perature and water potential on biological processes (Allen
2003). Time to proceed to completion for a defined fraction
of the population is inversely proportional to the amount by
which temperature (T) and water potential (¥) conditions in
the environment exceed given base or threshold values. The

* Corresponding author. Tel.: +1 801 356 5122; fax: +1 801 375 6968.

tential (Wy,). Variation in time to proceed to completion among
individuals within the population is accounted for by varia-
tion in Ty, and/or Wy. In other words, HTT is a population-
based threshold-type model. It was developed to characterize
germination and dormancy of seeds (reviewed by Bradford
2002), and has thus far been almost exclusively used for that
purpose. However, there is no reason why the fundamental
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concepts should not also be applicable to other biological pro-
cesses that occur across a range of water potentials, e.g., the
growth of organisms that tolerate significant water stress
(Alpert 2006). A primary advantage of HTT is that it replaces
strictly empirical models with a strong conceptual and math-
ematical framework, one that allows for prediction of out-
comes across a wide range of conditions and also under
variable conditions (Bradford 2005; Allen et al. 2007; Meyer &
Allen 2009).

In the present study, we apply the principles of HTT to ger-
mination and growth of a fungal seed pathogen, Pyrenophora
semeniperda. This fungus plays an important ecological role
in semi-arid ecosystems of the western United States
(Beckstead et al. 2014; Meyer et al. 2014). It attacks and kills
large numbers of seeds in the seed bank of the invasive winter
annual grass Bromus tectorum, whose seed germination has
been extensively modeled by our group using HTT concepts
(Christensen et al. 1996; Bauer et al. 1998; Bair et al. 2006;
Meyer & Allen 2009). The goal of this study was to determine
how temperature and water potential influence the germina-
tion and growth phases of P. semeniperda, as part of an overall
effort to understand how environmental conditions influence
disease outcomes in the P. semeniperda—B. tectorum pathosys-
tem. We have demonstrated that disease development in
this pathosystem can occur at water potentials below those
that allow seeds to germinate (Finch et al. 2013). Numerous
studies have shown that many fungi can germinate and
grow at reduced water potentials (e.g., Marin et al. 1995,
1996; Ramos et al. 1998; Torres et al. 2003; Andersen et al.
2006), and considerable effort has been made to model these
processes (reviewed by D’Antigny et al. 2005). The models de-
veloped to date are largely empirical and often mathemati-
cally complex, making them difficult to use for simulation of
processes that take place in variable environments. To our
knowledge, this is the first attempt to model germination
and growth processes in a fungus using the relatively simple
concepts of HTT.

Hydrothermal time models

The HTT concept has been extensively discussed in earlier
publications (Bradford 2002; Allen et al. 2007; Meyer & Allen
2009). It was originally proposed by Gummerson (1986), who
used the following equation to calculate HTT accumulation
in germinating seeds:

Our = (T = To) (¥ — ¥1(9))tg (1)

where 0yt, the HTT constant, is the amount of HTT (in MPa-
degree-time units) that a seed must accumulate to germinate,
Ty is the base temperature below which seed germination will
not occur, Wy(g) is the base water potential below which ger-
mination of the g fraction of the population will not occur,
and tgis the actual time required for germination of the g frac-
tion. T and W represent the temperature and water potential
conditions during incubation, respectively. As the difference
between incubation temperature or water potential and the
corresponding base value increases (i.e., (T—Tp) or (¥F—Wy(g))
becomes larger), HTT accumulates more rapidly, 6yr is
reached more quickly, and germination takes place sooner.
0yt and Ty, are generally assumed to be constants for a given

population, while Wy(g) and t, are allowed to vary with germi-
nation fraction. The distribution of Wy(g) is assumed to be ap-
proximately normal (although a Weibull function sometimes
yields a better fit; e.g.,, Watt et al. 2010), with a mean Wy(50)
and standard deviation oys,. In order to apply Eqn. 1 to a popu-
lation rather than just an individual seed, Gummerson (1986)
developed the following:

probit(g/g,) = [¥ — ¥s(50) - (Bur/(T - To)ty)]/ows  (2)

where g/g,, is the proportional germination fraction (g, is the
maximum possible germination, equivalent to viability). The
probit transformation linearizes a cumulative normal distri-
bution, and subsequent probit analysis techniques allow
HTT parameters to be determined using repeated linear re-
gression (Bradford 1990, 2005).

In the simplest application of the model, incubation tem-
perature is held constant, and germination time course curves
at multiple water potentials are used to determine parameter
values for a hydrotime equation (Bradford 1990). Similarly,
thermal time modeling has been a common procedure for
many biological processes including seed germination, with
the assumption that water potential is held constant at
0 MPa (free water; e.g., Garcia-Huidobro et al. 1982). Combining
germination time course curves at both multiple tempera-
tures and multiple water potentials results in the more com-
plex model shown in Eqn. 2.

It is also possible to use HTT to explain changes in germi-
nation time course curves due to other processes. These pro-
cesses are proposed to affect the values of HTT parameters
assumed to be constant in the original Gummerson model
(Eqn. 2). For example, Christensen et al. (1996) found that in-
creased germination speed and percentage in a population
of seeds during dormancy loss could be accounted for by a lin-
ear decrease in Wy,(50) through time. This relationship is in-
herent in Eqn. 1 because, as the difference between
incubation water potential and the corresponding base water
potential increases (i.e., (¥—Wy(g)) becomes larger), HTT accu-
mulates more quickly, and seeds will be able to germinate
more quickly. Thus a decrease in the parameter ¥,(50) has
the same effect on a germination time course as a hypothetical
increase in ambient water potential. A similar explanation has
been proposed for germination decrease at supraoptimal tem-
perature, i.e., a linear increase in Wy(50) with temperature
above the optimum can account for increases in germination
time and decreases in percentage as temperature increases
(Meyer et al. 2000; Alvarado & Bradford 2002).

Study hypotheses

The study reported here uses in vitro experiments on PDA (po-
tato dextrose agar) using glycerol as a osmoticum to address
the following hypotheses: 1) Conidial germination as a func-
tion of temperature and water potential can be modeled using
HTT, 2) Mycelial growth rate as a function of temperature and
water potential can be modeled using HTT, but because the
process is continuous and not population-based, the time
courses will have a linear rather than a cumulative normal
distribution, 3) The optimum water potential for mycelial
growth will be negative, i.e., mycelial growth will be more
rapid under mild water stress than in free water.



722

C. W. Barth et al.

Materials and methods
Experiments

Pyrenophora semeniperda strain WRKO (Finch et al. 2013) was
first obtained from a killed Bromus tectorum seed in the seed
bank at Whiterocks, Utah (—112.7780 long, 40.3282 lat,
1446 m), and isolated onto V8 agar. The isolate was sub-
cultured onto modified alphacel medium for conidial produc-
tion (Meyer et al. 2010). Conidia were stored air-dry at room
temperature until use.

Experiments were carried out at five water potentials (0,
—1.5, -3, —4.5, or —6 MPa) and six constant temperatures (5,
10, 15, 20, 25, or 30 °C). To adjust the water potential of the me-
dium, specific amounts of glycerol were added to full-strength
PDA (potato dextrose agar) solution according to established
protocols (Dallyn 1978). The amounts were as follows:
0 MPa = no glycerol, —15 MPa = 0.6 mol kg?
-3.0 MPa = 1.2 mol kg', ~45 MPa = 1.8 mol kg,
—6.0 MPa = 2.4 mol kg™'. The water potential of all media
was verified using an Aqualab CX3 unit (Decagon Devices).
The water potential of control PDA (no added glycerol) was
slightly negative (ca —0.2 MPa), but was assumed to be 0 MPa
as a simplification for modeling. All experiments were main-
tained in continuous darkness, with light exposure only dur-
ing periodic data collection.

Conidial germination experiment

The conidial germination experiment included six replicates
per treatment combination (five water potentials x six tem-
peratures) for a total of 180 experimental units. PDA ad-
justed to each of the five treatment water potentials was
poured onto sets of 36 microscope slides corresponding to
each water potential treatment. A conidial suspension was
created by adding a small scoop of conidia from a flattened
dissection needle to a 5 ml vial containing 4 mL of deion-
ized water with a drop of Tween-80 and shaking vigorously
for 30 s, resulting in a very dilute suspension of spores. The
suspension was then immediately pipetted onto the indi-
vidual PDA-coated microscope slides to ensure that none
of the conidia were allowed to germinate while resting in
the suspension. After 5 min, sufficient time for the conidia
to settle onto the agar, the excess water was poured off of
each slide.

Conidial germination slides were examined at either 2, 4, 6,
8,10, and 24 h or 3, 5, 7, 9, 11, and 24 h after inoculation
depending on the expected germination rate (as observed
from preliminary data). Most conidia were readily distinguish-
able as individual spores; only clearly individual spores were
scored. In order to save time at each examination, video re-
cordings of each slide were created using a microscope equip-
ped with a camera, and germination was tallied at a later time.
This effectively divided up the work and allowed for timely
scoring even with the large number of slides examined. Ger-
mination measurements were carried out by tallying the
number germinated out of the first 100 conidia examined on
each slide. Conidial germination was defined as clear emer-
gence and growth of the germ tube equal to or longer than
the width of the conidium. Germination proportion was

corrected to proportion of total viable conidia for data analysis
by dividing by the proportion of viable conidia in the popula-
tion (gm = 0.95) as determined prior to the experiment
(Meyer et al. 2010).

Mycelial growth rate experiment

To create inoculum for mycelial growth experiments, conidia
were inoculated onto the center of PDA plates and cultured at
25 °C. After one week of growth, 2-mm agar cores were taken
from the outer edge of the mycelial colony and used to inocu-
late experimental PDA plates (9 cm x 10 mm plastic disposable
Petri dishes). The experiment was repeated in time three
times, with three replicates and 90 experimental units per re-
peat, for a total of 270 experimental units.

Mycelial growth plates were examined at 2, 4, 7, 11, and
14 d after inoculation. A maximum of 14 d of growth was cho-
sen in order to stay within the linear growth phase of the my-
celium on agar gel, before the nutrients are depleted or the
edges of the plate restrict the growth diameter. The mycelial
diameter was measured along four 45-degree transects at
each examination and an average diameter was determined.

Model development for conidial germination

Provisional model with constant HTT parameters

We first created a provisional HTT model (Model 0) in which all
HTT parameters (0gT, Tb, and Wy(50)) were held constant. The
modeled data set included conidial germination curves (based
on the mean of six replicate values for each treatment combi-
nation and scoring time) across all water potentials and all
suboptimal incubation temperatures, as previously described
for seed germination (Bradford 2002). Based on the observa-
tion that there was no increase in conidial germination rate
or percentage from 25 to 30 °C (Fig 1), 30 °C was considered
to be above the optimal temperature; it was therefore ex-
cluded from Model 0. To estimate Wy(50), we used the regres-
sion analysis technique based on Eqn. (2) in which we
regressed probit(g/gm) for 0.05<g/gm < 0.95 versus W—0ur/
((T—Ty)tg), which is equal to Wy(g). The reason for excluding
data for germination fractions <0.05 or greater than >0.95
from the regression analysis was to exclude values that devi-
ate widely from predicted values just by chance; the effect of
such outliers is exacerbated by the probit transformation.
The values of 6yt and Ty, were systematically adjusted until
the highest R? value was obtained. Then, using the regression
line of best fit, probit(g/gm) = m(¥u(g)) + b, the mean base wa-
ter potential was determined by calculating the x intercept
(i.e., ¥p(50) = —b m ). The standard deviation of base water
potentials (oyp) Was determined by calculating the reciprocal
of the slope of the regression line (i.e., oy, = m™). As
explained below, the HTT model with constant parameters
had a relatively poor fit.

Models with variable HTT parameters

We then investigated two alternative models to better de-
scribe conidial germination response. The poor fit of Model
0 appeared to be due to much delayed and reduced germina-
tion in low water potential/low temperature incubation treat-
ments that could not be accounted for by simple proximity to
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constant base values. We hypothesized two possible explana-
tions for this. First, ¥y,(50) could be increasing with decreasing
temperature below the optimum, in much the same way that
Wy,(50) increases with increasing temperature above the opti-
mum in some seed germination models (e.g., Meyer et al.
2000). To test this hypothesis, we constructed Model 1, in
which Wy,(50) was allowed to vary as a function of temperature
across the entire suboptimal to supraoptimal range, while
other HTT parameters were held constant. This model also ac-
commodated slowed germination rate in the supraoptimal
temperature range by adjusting Wy(50) upward as in earlier
models. The alternative hypothesis was that T, might be in-
creasing with decreasing water potential. To test this hypoth-
esis, we designed a model (Model 2) in which Ty, was allowed
to vary with water potential over the suboptimal temperature
range. To accommodate decreased germination at supraopti-
mal temperature in this model, we incorporated the concept
of maximum temperature (T,,), the theoretical temperature
above which germination cannot occur. We also allowed this
parameter to vary as a function of water potential.

For Model 1, we used essentially the same procedure as
Christensen et al. (1996) for accommodating variable Wy,(50),
namely incorporation of an adjustment term for each condi-
tion expected to have a different Wy,(50). We used hydrotime
models (Bradford 1990) at each temperature to obtain initial
estimates for Wy,(50) at each temperature (data not shown).
We then regressed probit (g/gm) for 0.05<g/gm < 0.95 versus
[W — 0ur/((T — Tu)tg] — Wp(50) agj The adjustment term,
Wy(50) agj, was different for each temperature and was used
to offset the differences between the W,(50) values at different
temperatures. These adjustment terms allowed us to collapse
regression lines with different Wy,(50) values into a composite
regression line that included all the data and could be used to
determine the 81 and Ty, with the best fit (highest R?) overall.
Fitting the model required repeated probit regression with
systematic adjustment of values for the constants 6yt and
Ty, in addition to varying the value of Wy,(50) aq; for each tem-
perature, until the model with the best fit was found. The oy
for the best-fit equation and the best values for Wy,(50) at each
temperature could then be calculated. This model accounted
for reduced germination rate at supraoptimal temperature
by an increase in Wy(50) as in earlier models (Alvarado &
Bradford 2002). The best-fit values of W,(50) were then plotted
as a function of temperature to determine whether this pa-
rameter showed systematic variation.

For HTT analysis using Model 2, the values of T}, for each
water potential at suboptimal temperature and T,, for each
water potential at supraoptimal temperature were incorpo-
rated into the calculation of estimated Wy(g) for probit regres-
sion. Initial Ty, and Ty, estimates were obtained from thermal
time models at each water potential (Covell et al.1986; data
not shown). We used W—0y1/((T-Ty)tg) as the estimate for
Wy,(g) at temperatures at or below the optimum and W—6y1/
((Tm—T)tg) as the estimate for Wy,(g) at supraoptimal temper-
ature (30 °C). A regression plot combining both sub- and

Germination Fraction

0 4 8 12 16 20 24
Incubation Time (HOUFS) Fig 1 — Pyrenophora semeniperda observed conidial germi-
nation time courses at five water potentials and six
temperatures.




724

C. W. Barth et al.

supraoptimal temperatures could then be created to deter-
mine an overall 0yr, ¥,(50) and oy, We regressed probit(g/
gm) for 0.05<g/gm, < 0.95 versus the estimates of Wy(g) based
on Ty, and Ty, for sub and supraoptimal temperatures, respec-
tively, at each water potential. The value of 6yr, along with
values for Ty, and Ty, at each water potential, were systemat-
ically adjusted until the best fit was obtained. Then, using the
regression line of best fit, Wy,(50) and oy, were determined, as
well as the best-fit values of the constant 8yr, and Ty, and Tp,
values at each water potential. The best-fit values of Ty, and
T, were then plotted as a function of water potential to deter-
mine whether these parameters showed systematic
variation.

After determining the values of the HTT parameters for
combined HTT models for Model 0, Model 1, and Model 2, co-
nidial germination time course curves could be predicted for
each incubation water potential by temperature combination.
Using Eqn. 2 and the parameters 6y, ¥u,(50), oypb, and Ty, OF Tp,
probit (g/gm) lines were calculated for each incubation condi-
tion, and predicted time course curves were plotted for each
combination of T and W. These predicted time course curves
were then compared with observed conidial germination
time courses for each incubation condition.

Model development for mycelial growth

Modeling mycelial growth required modifications to the basic
HTT model. Because fungal radial growth (mycelial diameter
increase) in agar was continuous rather than population-
based and was linear (as long as the medium provided saturat-
ing nutrition and growth was not restricted by the size of the
dish), no probit transformation was necessary. We developed
the following equation for calculating HTT accumulation for
mycelial growth:

aHT(gY) = [(T - Tb)(‘// - wb)tgr} (3)

where 641(gr), the hydrothermal growth time constant, is the
amount of HTT (in MPa-degree-time units) that mycelium
must accumulate to achieve 1 mm of radial growth, Ty, is the
base temperature at which mycelial growth will not occur,
W, is the base water potential at which mycelial growth will
not occur, and tg is the time required for a growth increment
of one mm. T and W represent the temperature and water po-
tential of incubation, respectively.

Because the optimal water potential for growth could be
negative (i.e., <0 MPa; Rosso & Robinson 2001), modeling my-
celial growth required an additional parameter, namely,
a maximum water potential (¥,,), analogous to Ty, in a supra-
optimal temperature model, that could be positive (>0 MPa).
To determine the hydrothermal growth time constant 6y7(gr)
as well as Ty, Wy, and ¥y, a regression plot was created using
the growth curves from both suboptimal and supraoptimal
water potentials. Based on Eqn. 3, we regressed average myce-
lial diameter at each time on accumulated hydrothermal
growth time at optimum W and below, calculated as (T—Ty)
(¥—Wy)tg. To include hydrothermal growth times at supraop-
timal water potential, (¥,,—W) was substituted for (¥—Wy). Af-
ter determining that 30 °C was supraoptimal for myecelial
growth as well as for conidial germination, we incorporated
an adjustment term, W,q;, in the hydrotime portion of the

regression (i.e., (W—Wp+W,qj) Or (W~ W—W,q;)) for data points
from supraoptimal temperature and sub- and supraoptimal
water potential incubation, respectively. Based on inspection
of growth curves, we determined that —1.5 MPa was the opti-
mal water potential for growth at suboptimal temperature
and —3.0 MPa was the optimal water potential at the supraop-
timal temperature of 30 °C. Values of Ty, W,gj, and Wy, or Wpy,
were adjusted until the best fit was obtained for the combined
regression. The value of 0yr(gr) (the HTT required for 1 mm of
radial growth) was determined using the regression line of
best fit, growth diameter = m(hydrothermal time) + b, by cal-
culating the reciprocal of the slope (i.e., 8ur(gr) = m™).

Using Eqn. 3, the parameters generated by the regression,
and the values of T and W for each incubation condition, pre-
dicted growth time courses were calculated for each incuba-
tion condition. These predicted growth curves could then be
compared with observed mycelial growth curves.

Results
Conidial germination modeling

When conidial germination time courses were plotted as
a function of incubation water potential and temperature,
the overall pattern was similar to patterns observed in earlier
HTT models for seed germination, with decreasing germina-
tion rate and percentage occurring in concert as conditions
departed further from the optimum (Fig 1). Several differences
were immediately apparent, however. Conidia could germi-
nate much faster under optimal conditions than even fast-
germinating Bromus tectorum seeds (>24 h to 50 % seed germi-
nation; Christensen et al. 1996) and there was no strong germi-
nation suppression even at water potentials as low as —6 MPa,
as long as temperatures were near optimum. When both tem-
perature and water potential were low, conidial germination
was strongly inhibited.

Model O (Constant HTT parameters)

The classical HTT model fit to conidial germination curves
across all water potentials and suboptimum temperatures
had a relatively poor fit, suggesting that further modifica-
tions to the basic model might cause improvement
(Table 1, Fig 2A; R? = 0.721). This model had a small 6y
(512 MPa degree hours), indicating a rapid germination rate,
even given the relatively high constant values of Ty, (—1.5C)
and Wy,(50) (—7.414 MPa). These high values would tend to re-
duce germination rate over the experimental range of tem-
peratures and water potentials, but this was compensated
by the small 6yr.

Model 1 (Mean base water potential varying with temperature)
When the HTT model with W,(50) varying as a function of
temperature was constructed, it had a somewhat better fit
(R? = 0.778; Table 1) than the constant-parameter model, but
in fact was surprisingly similar to that model in terms of the
distribution of Wy,(g) (Fig 2A, B). As predicted, W,(50) varied sys-
tematically with temperature, with the highest value at the
lowest temperature and a significant decrease over the subop-
timal range (5—25 °C), as well as the predicted increase above
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Fig 2 — Fitted hydrothermal time models for conidial ger-
mination of Pyrenophora semeniperda: (A) Model 0, with
constant hydrothermal time parameters across all water
potentials and all suboptimal temperatures, (B) Model 1,
with variable mean base water potential as a function of
temperature, (C) Model 2, with variable base and maximum
temperature as a function of water potential. See Table 1 for
parameter values.

the optimum (Fig 3A). Estimated Ty, in this model was much
lower than in the constant Wy,(50) model, with a value of
—22.6 °C (Table 1). The effect of temperature was minimized
in this model because the decrease in germination at lower
temperature was mainly accounted for by higher ¥,(50), mak-
ing the slope of the direct relationship with temperature
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rather flat. 0yt was about twice as large in the variable Wy,(50)
model (1130 MPa-degree days) as in the constant parameter
model (Model 0). The two models had similar values for oy,

Model 2 (Base and maximum temperature varying with water
potential)

When the HTT model with varying Ty, and Ty, was fit to the co-
nidial germination data set, it had a substantially better fit
than the model with constant HTT parameters (R* = 0.859;
Table 1, Fig 2C). There was a strong pattern of change in
both T, and Ty, as a function of water potential (Fig 3B, C).
As water potential decreased from 0 to —6 MPa, T}, showed
a significant linear increase (Fig 3B) and T,, showed a signifi-
cant linear decrease (Fig 3C). This pattern of change would
have the effect of slowing germination at lower water poten-
tials more than would be predicted by increasing proximity
to Wy(50), and this slowing would be particularly evident at
lower and at supraoptimal temperatures.

The constant Wy,(50) for Model 2 was quite low, —13.85 MPa,
but because of the pattern of change in T, and Ty, at lower wa-
ter potential, germination at this low water potential would
theoretically be possible only at optimum temperature. In
this model, reduced germination at low water potential is
largely accounted for by high Ty, or T, reducing the direct ef-
fect of water potential over the experimental range and there-
fore lowering the estimate of Wy (50), similar to the effecton Ty,
in Model 1. Model 1 and Model 2 had similar 64 values, but
Model 2 had a much larger oy, than either Model 0 or Model
1 (Table 1). This is because Wy,(g) was allowed to reach lower
values in Model 2, so that the spread of estimated values for
Wy,(g) was much greater (Fig 2). This was not strongly reflected
in the actual germination time courses because of the very
strong constraining effects of higher T}, and lower T, on ger-
mination rate at low water potentials.

Model 2, the HTT model in which T, and T,, were allowed
to vary systematically with water potential but Wy(50) was
kept constant, had the strongest empirical support (highest
R? of the three models tested. It therefore represents the cur-
rent best approximation for the HTT parameters underlying
the variation in conidial germination that was observed
(Fig 1). The fit of predicted curves from the three HTT models
to observed conidial germination time courses under each ex-
perimental condition is shown in Electronic Supplement 1.

Mycelial growth modeling

Examination of mycelial growth rates as a function of temper-
ature and water potential led to the discovery that these envi-
ronmental factors showed a strong interactive effect on
growth (Fig 4). Growth generally increased with increasing wa-
ter potential over the range —6 to —1.5 MPa for temperatures at
or below the 25 °C optimum, but did not increase over the
range —1.5 to 0 MPa. At the supraoptimal temperature of
30 °C, growth was reduced relative to the 25 °C growth rate
across all water potentials, but also showed a very strong re-
duction with water potential above —3 MPa. This suggested
that the optimum water potential for growth was <0 MPa at
temperatures at or below optimum, and that it was even lower
at supraoptimal temperature.
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Fig 3 — (A) Estimated mean base water potentials from Pyr-
enophora semeniperda conidial germination Model 1 plotted
as a function of incubation temperature, (B) Estimated base
temperatures from Pyrenophora semeniperda conidial ger-
mination Model 2 plotted as a function of incubation water
potential (C) Estimated maximum temperatures from Pyre-
nophora semeniperda conidial germination Model 2 plotted
as a function of incubation water potential. Regressions
were significant at: P = 0.025 (r = —0.923, d. f. = 3) for mean
base water potential as a function of suboptimal tempera-
ture (A); P = 0.0003 (d. f. = 3, r = —0.996), for base tem-
perature as a function of water potential (B); and P = 0.0078
(d. f. = 3, r = +0.965) for maximum temperature as a func-
tion of water potential (C).
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Fig 4 — Fourteen-day Pyrenophora semeniperda mycelial di-

ameter plotted as a function of incubation temperature and
water potential for six temperatures and five water poten-

tials. Error bars represent standard error of the mean

(n =9).

When growth curves from all sub- and supraoptimal tem-
peratures and all sub- and supraoptimal water potentials were
combined into a single HTT regression, the continuous linear
model showed a generally good fit (Fig 5; R? = 0.915). The esti-
mated 0yr(gr) was 69.93 MPa-°-days; this represents the HTT
increment necessary for a 1-mm increment in mycelial radial
growth for this strain on full strength PDA. The model was
successfully fit with a constant T, of 1.3 °C, a constant
suboptimal-temperature Wy,se of —11.4 MPa, and a constant
suboptimal-temperature W, of 9.9 MPa. For temperatures
at or below the optimum (25 °C), the optimum water potential
was —1.5 MPa. At supraoptimal temperature (30 °C) the esti-
mated Wyaee increased to —7.8 MPa and the estimated W .5
decreased to 1.3 MPa, which accounted for slower growth at
supraoptimal temperature below and especially above the op-
timum water potential of —3 MPa. A comparison of predicted
versus observed growth curves at each incubation can be
found in Electronic Supplement 2. The poorest fit of the model
was seen at low temperature, suggesting that the relationship
of mycelial growth rate to temperature might not be linear
near the lower temperature limit for growth.

Discussion

It was possible to successfully model both conidial germina-
tion and mycelial growth for Pyrenophora semeniperda using
HTT. For the conidial germination model, major modifica-
tions to the basic HTT framework were required, and some
apparently counter-intuitive parameter values were obtained
(Table 1). This was because temperature and water potential
interacted strongly in their effect on conidial germination.
For host Bromus tectorum seeds, constant T}, across water po-
tentials and constant ¥y,(50) across suboptimal temperatures
produced models that could adequately predict dormancy
loss and germination (Christensen et al. 1996; Bauer et al.

for mycelial growth rate of Pyrenophora semeniperda based
on a constant base temperature (Tyase), @ constant base
water potential (Wy,se) for optimal water potentials and
below, and a constant maximum water potential (¥ ,.x) for
supraoptimal water potentials. These Wy,se and Wiy ax
values were used at and below the optimum temperature of
25 °C. To account for slowed growth at supraoptimal tem-
perature (30 °C), Wy,se for suboptimal water potentials was
adjusted upward, and W, for supraoptimal water poten-
tials was adjusted downward. Final parameter values were:
Our(gr) = 69.93 MPa°days, Tyase = 1.3 °C, W, = —11.4 MPa,
W, at supraoptimum T = —7.8 MPa, W,,, = 9.9 MPa, and ¥,,,
at supraoptimum T = 1.3 MPa. The R? for the overall re-
gression was 0.916.

1998; Meyer & Allen 2009). In seed germination HTT model-
ing, it is generally not necessary to allow either of these pa-
rameters to vary as a function of incubation conditions
below the optimum (Bradford 2005). For P. semeniperda, it
was necessary to include either variable Wy,(50) as a function
of temperature or variable T, and Ty, as a function of water
potential to account for their combined effects under condi-
tions far from the optimum. These parameters varied sys-
tematically and predictably as a function of environmental
conditions in their respective models (Fig 3), suggesting that
there is an underlying physiological process in P. semeniperda
conidia that accounts for these shifts. This systematic varia-
tion in base and maximum values will also make it relatively
simple to incorporate their effects in a simulation modeling
context.

In Model 1, the best-fit T, was very low, well below freezing
(Table 1). It is important to realize that in threshold models,
the best-fit base value only applies over the range of experi-
mental conditions included, i.e., Ty, is the base temperature
that best explains the slope of the linear relationship with
temperature over the range 5—25 °C, given that Wy(50) is also
increasing with decreasing temperature. Similarly, a Ty, of
56 °C at optimum water potential in Model 2 only applies
over the supraoptimal temperature range examined, namely
25-30 °C. It quantitatively incorporates the fact that the de-
crease in germination rate from 25 to 30 °C was not very great
(Fig 1). Threshold values should not be interpreted to have bi-
ological meaning over a wider range, but this does not limit
their usefulness in modeling these processes in variable
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environments over the biologically relevant range included in
this experiment.

The parameter values in each of the three conidial germi-
nation models acted in complementary fashion to approxi-
mate as closely as possible the actual germination time
courses observed (Table 1, Electronic Supplement 1). Model
0 had a small 8yt that compensated for relatively high con-
stant Ty and Wy,(50) values to give rapid germination predic-
tions at the optimum, but this combination did a poor job of
predicting germination time courses under conditions far
from the optimum (Electronic Supplement 1). Models 1 and 2
had much larger 8yt values that were necessary to yield real-
istic time courses under near-optimum conditions, given the
low Ty in Model 1 and the low Wy,(50) in Model 2, both of which
would tend to generate extremely rapid germination at the op-
timum. This large 6yt value combined with increasing Wy,(50)
as temperature decreased or increased relative to the opti-
mum in Model 1 did a fair job of approximating germination
time courses across the range of incubation conditions. Model
2, with a large 0y combined with increasing T, and decreas-
ing Ty, as water potential decreased, provided the best fit of
the three models. The oy, in Model 2 was twice as large as
in the other two models, probably because constraining ger-
mination rate with higher Ty, and Ty, at low water potentials
allowed Wy(g) to reach lower values than in the other two
models and therefore caused it to vary over a wider range.
As this is the first effort to model conidial germination using
HTT, it is difficult to say which model provides the best de-
scription of actual environmental controls on conidial germi-
nation. It will require additional studies to validate these HTT
models with multiple strains of P. semeniperda and also in
other filamentous fungi.

The HTT model developed for P. semeniperda mycelial
growth rate represents a straightforward application of HTT,
as constant Ty, and ¥y, adequately accounted for growth rate
variation as a function of temperature and water potential
in the suboptimum range. This model represents a simple ex-
tension of continuous thermal time models used to model
many physiological processes in plants, and is also not sub-
stantially different from models for fungi that use mean
growth rate as the response parameter. In these models, lin-
ear regression (or a more complex model, e.g., Baranyi &
Roberts 1994) is used to fit the essentially linear time courses
of radial growth exhibited by fillamentous fungi, in order to de-
rive a simple parameter, growth rate, that can then be used in
predictive models. Because fungi often have a W, for growth
thatis < 0 MPa, the concept of a ¥, for mycelial growth used
here has also been included in earlier fungal growth models
(Rosso & Robinson 2001; Sautour et al. 2001a).

In contrast to HTT modeling, the general approach to mod-
eling germination and growth in fungi has commonly in-
volved the development of primary and secondary models
(D’Antigny et al. 2005). Primary models are used to fit individ-
ual time courses using empirically derived equations
(Zwieteringet al. 1990; D’ Antigny et al. 2007, 2011). Fitting these
models generates parameter values, e.g., maximum rates for
conidial germination time courses. Secondary models use
these parameter values as response variables in regression
equations that aim to predict the effect of one or more envi-
ronmental variables (Ratkowsky et al. 1983; Davey 1989;

Zwietering et al. 1991; Rosso et al. 1993). These approaches
were first used to model temperature responses in bacteria
and later extended to fungi and also to water potential re-
sponse (Rosso & Robinson 2001; Sautour et al. 2001b;
Gougouli & Koutsoumanis 2010, 2012; Yue et al. 2011). An ex-
ception is Andersen et al. (2006), where a population-based ap-
proach was used to examine the effect of water potential on
conidial germination of fungal insect pathogens. Only a hand-
ful of papers model the simultaneous effects of temperature
and water potential on fungal growth or conidial germination,
and most of these use a polynomial regression approach
(Sautour et al. 2001b; Lahlali et al. 2005; Samapundo et al.
2005; Dagno et al. 2011; Leggieria et al. 2014).

The HTT modeling approach used in this study contrasts
with these alternative modeling approaches in several impor-
tant ways. First, the HTT regression analysis uses all the time
course data for germination or mycelial growth directly in the
final model rather than using parameter values derived from
primary models. This eliminates the need for primary and
secondary models, and should also lead to more accurate
characterizations of the studied relationships, even though
it incorporates more variance, which can lead to lower R?
values. Second, rather than using nonlinear regression, HTT
for conidial germination utilizes the probit transformation of
the normal distribution, generating simple linear relation-
ships and easily understood model parameters that poten-
tially have physiological and ecological relevance. Third,
HTT models combine water potential and temperature as in-
dependent variables without the necessity for high-order
polynomial regression. Fourth, the method provides a means
of calculating predicted time courses over the full range of ex-
perimental conditions, not just plotting the value of a derived
dependent variable as a function of independent variables.
And last, the method is easily applied in a simulation model-
ing framework under field-realistic fluctuating temperature
and water potential conditions, as has been demonstrated
for host seed germination (Meyer & Allen 2009).

This study examined the germination and growth re-
sponse to water potential generated using an osmoticum
(glycerol) dissolved in a highly water-conducting medium
(PDA). Most of the HTT modeling for seeds is based on data
sets generated using polyethylene glycol (PEG8000) water sus-
pensions on germination blotter paper. PEG8000 can be con-
sidered to generate matric water stress rather than osmotic
water stress (Ramirez et al. 2004), but the hydraulic conduc-
tivity of the medium is still high. Matric water stress in soil
is much more severe than osmotic water stress at a given
low water potential, probably due to reduced hydraulic con-
ductivity (Adebeyo & Harris 1971). This indicates that results
from germination and growth experiments that manipulate
osmotic potential may not be directly transferable to condi-
tions in field seed beds.

Previous work has demonstrated that inoculated B. tecto-
rum seeds held in PEG8000 solutions at —2 MPa became
infected by P. semeniperda, indicating that both conidial germi-
nation and penetration are possible at matric water potentials
of —2 MPa (Finch et al. 2013). Inoculated seeds held at a matric
water potential of —4 MPa over a saturated salt solution fol-
lowing a 24-h imbibition period were quickly killed upon
transfer to free water. This indicates that P. semeniperda can
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grow inside seeds at matric water potentials as low as —4 MPa
(Finch 2013). The present study supports the hypothesis that
this pathogen can germinate, infect, and grow at water poten-
tials well below those that permit seed germination. The abil-
ity of P. semeniperda to remain active at low water potentials
explains how it can cause mortality even of potentially rapidly
germinating host seeds under the fluctuating moisture condi-
tions in field seed beds following small and intermittent au-
tumn storms.

Conclusions

This study has demonstrated that the HTT model framework
developed to describe the effects of temperature and water
potential on physiological processes in seeds can also be suc-
cessfully applied to germination and growth processes in an
ascomycete seed pathogen, Pyrenophora semeniperda. It was
necessary to adapt the HTT model framework in order to ap-
ply these models to germination and growth processes in
a fungus. For conidial germination, the best-fit population-
based threshold model utilized base and maximum tempera-
ture parameters that varied systematically as a function of in-
cubation water potential. For mycelial growth, a continuous
linear threshold model that incorporated both base and max-
imum water potential parameters produced a satisfactory fit.
The good fit of these models will make it possible to model
germination and growth processes simultaneously in host
and pathogen under fluctuating field seed bed conditions.
This modeling approach should lead to a clearer understand-
ing of how environmental conditions influence disease out-
comes in the Bromus tectorum—Pyrenophora semeniperda
pathosystem. In addition, the successful application of HTT
modeling to P. semeniperda suggests that this methodology
could be usefully added to the extensive suite of modeling
methods already available to study germination and growth
processes in filamentous fungi.
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