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Abstract

Nutritional stress, and especially a dearth of pollen, is considered an important factor associated
with honey bee colony losses. We used pollen-restricted colonies as a model to study the
nutritional stress conditions experienced in colonies within intensively cultivated agricultural
areas. This model was complemented by the establishment of an experimental design, which
allowed us to uncouple the effect of nutrition, behavior and age in colonies of similar size and
demography. We used this system to determine the effect of pollen restriction on workers’
behavioral development. Then, we analyzed the effect of nutritional stress, behavior and age on
the expression of key physiological genes involved in the regulation of division of labor. Finally,
we analyzed the effects of these variables on the expression of immune genes and the titers of
honey bee viruses. Our results show that pollen restriction led to an increased number of
precocious foragers and this behavioral transition was associated with important changes in the
expression of nutritionally regulated physiological genes, immunity and viral titers. Vitellogenin
(vg) and major royal jelly protein 1 (mrjpl) were the most predictive markers of nutrition and
behavior. The expression of immune genes was primarily affected by behavior, with higher levels
in foragers. Deformed wing virus (DWYV) titers were significantly affected by behavior and
nutritional status, with higher titer in foragers and increased levels associated with pollen
ingestion. Correlation analyses support the predominant effect of behavior on immunity and
susceptibility to viral infection, revealing that both immune genes and DWV exhibited strong
negative correlations with genes associated with nursing, but positive correlations with genes
associated with foraging. Our results provide valuable insights into the physiological mechanisms
by which nutritional stress induce precocious foraging and increased susceptibility to viral

infections.
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Introduction

Approximately 35-40% of the world’s crop production comes from plant species that depend on
animal pollination [1] which is carried out primarily by honey bees [2]. However, populations of
honey bees have experienced a severe decline during recent years worldwide [3, 4]. Possible
causes for colony losses have been proposed, including the effects of pesticides [5], nutritional
stress [6-8], the parasitic mite Varroa destructor [9, 10] and synergistic interactions between
Varroa and honey bee viruses [11]. However, none of these independent factors is consistently
associated with colony losses to suggest a single causal agent [3]. Thus, colony losses are likely

the result of the combination of several underlying factors [12, 13].

There are several lines of evidence indicating that nutritional stress is an important contributing
factor for colony losses. First, there is a positive relationship between the area of uncultivated
forage land surrounding an apiary and annual colony survival [6, 8] suggesting that habitat loss
play a significant role in honeybee colony losses. Second, at individual levels, honey bees from
colonies kept in areas of high cultivation exhibited decreased levels of physiological biomarkers
associated with nutrition compared with bees kept in areas of low cultivation [7, 14],

demonstrating that availability of floral resources affects the nutritional state of honey bees.

Habitat loss associated with increased use of monocultures reduces both the quality (diversity of
plant sources) and the quantity of the pollen collected by the bees [15]. Simultaneous flowering in
monocultures provide pollen for a restricted period, and hives surrounded by monocultures
presumably experience pollen dearth before and after this period. Pollen is the main source of
proteins and lipids for honey bees [16, 17] and pollen from different plants differ in amino acid
content [18, 19] and fatty acids [20]. Thus, the consumption of pollen from diverse plant sources

increases the probability of obtaining the set of nutritional components (e.g., essential amino
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acids and fatty acids) required for balanced nutrition.

Plasticity is a key feature of honey bee behavioral development [21], which is important for
understanding the consequences of nutritional stress on colony health and fitness. In the honey
bee, as in other eusocial insects, behavioral division of labor in workers is initially age-dependent
[21, 22]. Under typical spring and summer conditions in temperate climates, honey bee lifespan is
approximately one month. During the first two to three weeks of adult life, workers perform tasks
in the hive such as brood care (“nursing”); while in the last one to two weeks of life, workers
forage for food outside the colony [23, 24]. However, honey bee behavioral development is
flexible and can be accelerated or delayed according to colony demography and as an adaptive
response to different challenges [21]. In particular, the timing of nurse to forager transition is
normally accelerated in response to diverse types of stressors, including diseases [25] and

malnutrition [26].

Interactions among key elements of the extended insulin/insulin-like growth signaling/target of
rapamycin (IIS/TOR) pathway including vitellogenin (Vg), juvenile hormone (JH) and insulin-
like peptides (ILPs), regulate important physiological processes in honey bees, including
behavioral division of labor [27-31]. Vg is a yolk protein highly expressed in the fat bodies [29],
secreted into the hemolymph and then imported by developing oocytes [32]. JH, one of the major
insect hormones, is synthesized in the corpora allata in a final reaction catabolized by the enzyme
methyl farnesoate epoxidase (MFE) [33]. There are two genes encoding insulin genes (ilp/ and
ilp2) in the honey bee genome [34], which are expressed in several tissues and organs including
the brain and fat bodies [27, 29, 30]. In workers, negative interactions among vg with JH and
insulin like peptides are associated with task performance: while vg levels are higher in nurses

compared with foragers [29, 35-37], JH titers [21, 36, 38, 39] brain i/p/ and fat body i/[p2 mRNA
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97 levels follow an opposite pattern [27, 29, 30]. Experimental manipulations showed that these

98  correlations reveal causative positive and negative interactions among these three regulatory

99  elements. Thus, JH treatments inhibit vg expression [35, 40], but induce higher brain ilp/ levels
100  [29] and precocious foraging [21, 41]. Consistently, experimental reduction of vg by RNA
101  interference also result in higher levels of JH [27] and precocious foraging [28].
102
103 In recent years, the proposal that nutrition is an important factor regulating the division of labor
104  among social insects has received increased support [26, 30, 42-46]. Pollen consumption is low in
105  young bees, largest in about 9-day-old nurses and then declines to minimal amounts in foragers
106  [47], which rely primarily on honey intake. Cage experiments showed that 6-day-old workers
107  eating pollen and sugar have higher abdominal vg and low brain ilp/ levels, while same-age bees
108  fed with only sugar had the inverse pattern [30]; resembling the expression profiles observed in
109  colony-reared nurses and foragers, respectively [29]. The effect of pollen on behavioral
110  development could result from its protein content. In support of this view, it has been shown that
111 increased levels of hemolymph amino acids, induced by protein injection, resulted in high vg
112 mRNA levels and delayed foraging [27]. Additionally, lipid metabolism also has been involved
113 in nutritional regulation of division of labor. Lipid content closely correlates with task
114  performance, being higher in nurses compared to foragers [43]. Feeding of an inhibitor of fatty
115  acid synthesis (TOFA) induced precocious foraging [48], further supporting a role of lipids on
116  the regulation of division of labor. However, it remains to be tested whether supplementary lipids
117  (e.g., essential fatty acids) have an effect on the nutritional regulation of this process.
118
119  Since genes that regulate behavioral division of labor are nutritionally regulated, they could be
120  expected to be ideal biomarkers of both nutritional and behavioral state in cage as well as colony-

121 level studies. Progressive evidence is revealing that behavioral and nutritional states influence
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122 honey bee immunity and susceptibility to pathogens. Thus, the use of reliable markers for these
123 traits can also facilitate effective disease diagnosis. Indeed, the initial use of vg as a predictive
124 marker of colony losses [49] and colony nutritional state [14] provides a promising starting point
125  toward this direction.

126

127  Although insects lack an acquired immunity, they have developed an efficient innate immune
128  system against a broad variety of pathogens [50]. Innate immunity has been traditionally divided
129  into humoral and cellular responses, but there are complex interactions and no clearly defined
130  boundaries between both types of immune responses [S51]. Four main gene pathways mediate
131  insect innate immunity: Toll, IMD, JNK and JAK/ STAT, which include elements implicated in
132 both the humoral and cellular immune responses and belong to gene families involved in
133 signaling, pathogen recognition and effector functions [52, 53].

134

135  Humoral immune responses are mainly associated with antimicrobial effectors belonging to the
136  Toll pathway such as abaecin [54], defensinl (defl) [55] and hymenoptaecin (hym) [56]. On the
137  other hand, cellular immunity is mediated by haemocytes and involves responses including
138  phagocytosis, nodulation and encapsulation [57] While phagocytosis is mediated by pathogen
139  recognition proteins (e.g., peptidoglycan recognition proteins L and S) [58] and transmembrane
140  proteins such as eater [59], nodulation and encapsulation are often accompanied by melanization,
141  a process catalyzed by the pro-phenoloxidase (PPO) and pro—phenoloxidase activator (PPOact)
142 enzymes [52, 60, 61].

143

144  Different studies have revealed interactions among nutrition, immunity and physiological changes
145  associated with behavioral development. First, nutrition affects the expression of immune genes

146  [62-64] and susceptibility to different pathogens [65-68]. Second, infections of pathogens and
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147  parasites, such as the microsporidia Nosema ceranae, are associated with high JH and low vg
148  levels and precocious foraging [25]. However, little is known about the molecular mechanism by
149  which colony nutritional conditions lead to changes in behavioral development, susceptibility to
150  pathogens and ultimately, colony survival.

151

152 In this study, we used pollen-restricted colonies as a model to study the nutritional stress
153  conditions occurring in colonies within intensively cultivated agricultural areas. We used a new
154  technique for colony establishment, which allow us to uncouple the effects of age, behavior and
155  nutrition. We first analyzed the effect of pollen restriction on foraging and brood production and
156  then we used qPCR to analyze the role of pollen restriction on molecular markers of nutrition,
157 immune gene expression and dynamic of viral infection. Finally, we used a multidimensional
158  analysis to show that nutrition has a major role in the dynamics of key genes associated with
159  behavior, nutrition and immunity. This study opens new avenues in the understanding of the
160  mechanisms underlying the effects of nutrition on behavioral development, immunity and
161  susceptibility to virus infections. The results obtained also have important implications for the
162  understanding of the consequences of the pollen deprivation on the induction of worker’s
163  abnormal accelerated behavioral development and reduction in colony population associated with

164  colony collapse.

165

166 Results

167 1. Effect of pollen restriction on foraging.
168  Both groups of pollen-restricted (P-R) and pollen-unrestricted (P-UR) bees started foraging when
169  they were 11 days old. Observations were continued until the bees were 20 days old. During the

170  total observation period, the average number of new foragers observed in the P-R colonies was
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171  almost 3X higher when compared with P-UR colonies (100 and 35, respectively; P= <0.0001).
172 Analysis of nectar and pollen foragers in each nutritional group showed higher numbers of both
173 types of foragers in P-R compared with P-UR colonies (nectar: P-R=53, P-UR-24, P= <0.0001;
174  pollen: P-R=47, P-UR=11, P=<0.0001). While no significant differences were found between the
175  number of nectar and pollen foragers in P-R colonies (P=0.52), the difference between both types
176  of foragers in P-UR colonies was highly significant (P=0.0027) with a lower number of new
177  pollen foragers than nectar foragers under this condition (Figure 1A and Figures S2 and S3).

178

179 2. Brood production.

180  Two days after the end of the behavioral observations, and one day after the last collection of 3-
181  week-old workers, newly-emerged bees were counted on frames from P-R and P-UR colonies
182  until the last bees emerged after 16 days. The cumulative number of newly-emerged bees from P-
183 R colonies was significantly lower compared to P-UR colonies (2573 and 3881, respectively.
184  P=0.014) (Figure 1B).

185

186  Figure 1. Effects of pollen restriction on foraging and brood production. Values were pooled
187  from eight pollen restricted (P-R) and eight pollen un-restricted colonies (P-U). The upper panel
188  (A) shows the effect of nutrition on the average number of new foragers per day. The y-axis
189 indicates the number of nectar foragers, pollen foragers and total foragers observed per day (sum
190  of 3 periods of 15 min each). Nutritional groups plotted in the x-axis are as follow: pollen-
191  restricted colonies (R), pollen-unrestricted colonies (UR). The lower panel (B) compares the total
192  number of bees born (y-axis) from colonies in both nutritional conditions (x-axis). Error bars
193  represent SE across colonies. Significant differences in the total number of foragers between R
194 and UR colonies are represented with black stars. Differences in pollen or nectar foragers
195  between nutritional conditions are represented with blue stars.

196

197

198

199

200
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201 3. Behavioral, nutritional and age analyses of gene expression and virus titers

202 Genes associated with physiological activity

203

204 Vg expression was significantly affected by behavior, with higher levels in nurses in all
205  nutritional and age groups (P= <0.0001 for all behavioral comparisons). Expression levels in
206  nurses were on average 3.75X higher compared with foragers. (Figure 2A). Nutritional
207  treatments also had a significant effect on vg expression, with higher levels in nurses from
208  colonies with unrestricted access to pollen (P-UR) compared with nurses from colonies with
209  restricted access to pollen (P-R) in both age groups (2-week-old: P= <0.0001; 3-week-old:
210  P=0.0075). Foragers also showed higher levels of vg in P-UR colonies compared with P-R
211  colonies, but only at the younger group (P=0.0003). Lastly, age comparisons showed a
212 significant increase in 3-week-old workers in all the nutritional and behavioral comparisons with
213 the exception of foragers from P-UR colonies (Figure 2A and Table S2).

214

215  Mrjpl expression levels were strongly affected by behavior with higher levels in nurses compared
216  with foragers in all the nutritional and age comparisons. On average, mrjpl levels in nurses were
217  5X higher compared with foragers. On the other hand, nutritional comparisons showed that pollen
218  consumption induced a significant increase of mrjpl in younger nurses (P=0.009) and foragers
219  (7.2e-6) compared with workers from P-R colonies. No nutritional differences were observed in
220  older 3-week-old workers. Age comparisons showed a tendency toward higher levels in older
221  foragers, which become significant in all the comparisons with the exception of foragers from P-
222 UR colonies. It is interesting to note, that our whole-body analyses reveal that mrjp/ mRNA
223 levels were substantially higher compared with vg, being on average over 500X higher (Figure
224 2A).

225
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226  Mfe expression showed behaviorally related changes in 2-week-old workers, with higher levels in
227  nurses compared with foragers (P-R= 0.015, P-UR=0.016). In contrast, no significant behavioral
228  differences were observed in 3-week-old workers. On the other hand, nutritional comparisons
229  showed significantly higher mfe expression associated with pollen intake exclusively in 3-week-
230  old workers (nurses: P=0.035, foragers: P=0.014). Lastly, age comparisons revealed a trend
231  toward down-regulation of mfe expression in older workers. However, significant differences
232 were only found in foragers from P-R colonies (P=0.002). (Figure 2B).

233

234 The expression of ilpl revealed complex interactions in our behavioral and nutritional analyses.
235  The behavioral analysis showed significantly higher levels in younger foragers from P-UR
236  colonies (P=0.033) and in older nurses from P-R colonies (P=0.034). On the other hand,
237  nutritional comparisons exhibited higher levels in 2-week-old foragers from P-UR colonies and
238  3-week-old nurses from P-R colonies (2-week-old: nurses P=0.61, foragers P=0.014; 3-week-old
239  nurses P=0.01, foragers P=0.30). In contrast with behavior and nutritional analyses, age
240  comparisons revealed a significant down-regulation in the expression of ilp/ in most of the
241  nutritional and behavioral groups of older workers (P-R nurses: P=0.058, P-R foragers: P=
242 <0.0001, P-UR nurses: P=0.0001, P-UR foragers: P=0.0005) (Figure 2B).

243

244 Expression of ilp2 showed behavioral differences only in younger workers, with higher levels in
245  foragers both from P-R (P=0.0001) and P-UR (P=0.006) colonies. Nutritional comparisons
246  showed a trend toward higher ilp2 levels with pollen consumption in 2-week-old workers, but the
247  differences were marginally significant (P-R=0.08, P-UR=0.08) (Table S2). In contrast, higher
248  expression of ilp2 was associated with pollen restriction in both 3-week-old nurses (P=0.0001)
249  and foragers (P=0.037). Age comparisons revealed higher ilp2 expression in workers from

250  colonies experiencing pollen restriction (nurses P=<0.0001, foragers P=0.001). Additionally, our

10
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251  gPCR analyses revealed, that while /lp/ and mfe are expressed at similar levels, ilp2 is expressed
252  onaverage 2X higher compared with these genes (Figure 2B).

253

254

255  Figure 2. Relative mRNA levels of genes associated with physiological activity and
256  behavior. The upper panel (A) compares the expression of genes associated with nursing: vg and
257  mrjpl. The lower panel (B) compares the expression of genes predominantly associated with
258  foraging: mfe, ilpl an ilp2. The y-axes indicate the relative expression levels relative to the
259  ribosomal protein RPS5 (control) gene mRNA level. Boxes show the 1stand 3 interquartile
260 range and median are represented by a line. Whiskers include the values of 90% of the samples.
261  Black, yellow and red stars represent significant differences between pairs of behavioral,
262  nutritional and age groups, respectively.

263

264

265 Immune genes

266  We analyzed the expression of 9 representative immune genes: dorsal, defl, abaecin, hym, pgrp-
267  lc, pgrp-sc, eater, ppo-act and ppo (36 gene/age/nutritional/behavioral comparisons) (Figure 3
268 and 4 and Table S2). Overall behavioral analyses of these immune genes showed a strong trend
269  toward higher levels in foragers, reaching significant differences in 30 out of 36 comparisons
270  (83.3%). Remarkably, none of the comparisons showed higher expression levels of these genes in
271  nurses than in foragers. On the other hand, nutrition had a significant effect on the expression of
272  immune genes in 12 out 36 comparisons (33.3%). A higher percentage of comparisons showed
273  up-regulation associated with pollen ingestion (22%) than showed up-regulation associated with
274  pollen-restriction (11%). Lastly, age analysis of immune genes revealed significant differences in
275 20 out of 36 comparisons (55.5%). From these comparisons, 70% of them showed age-related
276  increased expression and 30% age-related down-regulation.

277

278  Gene-specific behavioral analyses revealed that the immune genes exhibiting the highest

279  percentage of comparisons (100%) with higher levels in foragers include the three antimicrobial
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280  effectors analyzed (def1, abaecin and hym). Conversely, the pathogen recognition protein pgrp-sc
281  was the immune gene less affected by behavior (50% of the four comparisons). The immune gene
282  most affected by nutrition was the regulatory gene dorsal (75%), while defI was not affected by
283  nutrition. Dorsal also was the immune gene most influenced by age with a significant effect in
284  100% of the comparisons, followed by abaecin and ppo (75%). In contrast, eater and pgrp-sc
285  were the immune genes less affected by age (25% of the comparisons) (Figure 3 and 4, Table S2).
286

287  Figure 3. Expression of immune genes predominantly involved in the humoral immune
288  response. The y-axes indicate the relative expression levels relative of dorsal, def-1, abaecin,
289  hym pgrp-lc and pgri-sc relative to the ribosomal protein RPRS5 (control) gene mRNA level. In
290  the gene which values showed normal distribution and homogeneity (dorsal), the boxes show
291  media +/- standard deviation and the whiskers include the minimum and maximum values. In the
292  graphs of the genes which values exhibited non-parametric distribution (def-1, abaecin, hym
293 pgrp-lc and pgri-sc) the boxes show the 15t and 3™ interquartile range and the whiskers include
294  the values of 90% of the samples. In both cases a line represents the media. Significant
295  differences between groups are represented as in figure 2.

296

297

298  Figure 4. Expression of genes predominantly involved with the cellular immune response.
299  The y-axes indicate the relative expression levels of eater, ppo and ppo-act relative to the
300 ribosomal protein RPRS (control) gene mRNA level. The boxes of the gene which expression
301  values showed normal distribution (ppo) or the genes which values exhibited non-parametric
302  distribution (eater and ppoact) are represented as in the Figure 3.

303

304

305  Virus titers

306 We analyzed the effect of behavior, nutrition and age on the titers of three of the more prevalent
307  honey bee viruses, namely deformed wing virus (DWYV), black queen cell virus (BQCV) and
308  sacbrood virus (SBV) inl12 age/nutritional/behavioral comparisons (Figure 5, Table S2). Overall
309  behavioral analysis of these viruses revealed significant differences in 50% of the comparisons.
310  From these comparisons, most of them were upregulated in foragers (83.3%) compared with

311  nurses (16.6%). Nutritional analysis showed significant differences only in 25% of the

312  comparisons, all of them observed in younger workers.

12
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313

314  Virus-specific-behavioral analyses showed that DWV had a strong trend toward higher titers in
315  foragers, with highly significant differences in all nutritional and age groups (P= <0.0001) with
316  the exception of young foragers from P-UR colonies. Nutritional comparisons revealed higher
317  titers of DWV only in younger nurses from P-UR colonies (P=0.0001), while no significant
318  differences were observed in other comparisons among nutritional, behavioral and age groups.
319  On the other hand, age comparisons showed a tendency toward lower levels in older workers,
320  with significant differences in nurses (P=<0.0001) and foragers (P=0.015) from P-UR colonies
321  (Figure 5, Table S2).

322

323  SBV titers showed behavioral differences in 2 out of 4 comparisons. In contrast with DWV,
324  higher levels in foragers were only observed in older workers from P-UR colonies (P=0.0035)
325 and younger nurses had higher titers in P-R colonies (P=0.035). Interestingly, pollen ingestion
326  was associated with higher SBV titers in younger foragers (P=0.011). On the other hand, age
327  comparisons showed higher titers in older foragers from P-R colonies (P=0.034) (Figure 5).

328

329  Behavioral analyses of BQCV only showed significant effects in older workers from P-R
330  colonies, where foragers had higher titers than nurses (P=0.033). In contrast with the other two
331  viruses, younger nurses from P-R colonies had higher titers compared with foragers (P=0.0003).
332  Lastly, in contrast with DWV and SBV, no significant differences were observed in age
333 comparisons (Figure 5).

334

335 Figure 5. Relative levels of honey bee ARN viruses. The y-axes indicate the titers of DWV,
336  SBV and BQCYV relative to the ribosomal protein RPS5 (control) gene mRNA level. Boxes show
337  1%tand 3" interquartile range and the median is represented by a line. Whiskers include the values
338  0f 90% of the samples.

339

13
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340 4. Correlations among physiological genes associated with behavior, immune genes and
341  viruses

342

343 Correlations within categories of genes and viruses

344  Analyses of the expression of nutritionally-regulated genes associated with behavior revealed
345  strong positive correlations in the age and nutritional comparisons between genes associated with
346  nursing (vg-mrjpl 100% of age and nutritional comparisons), as well as among genes which
347  expression is associated with foraging (mfe-ilp1 (75%), mfe-ilp2 (75%), ilp1-ilp2 (100%). On the
348  other hand, the strongest negative correlation among nursing and foraging associated genes was
349  observed between mrjpl and mfe (75% of the comparisons) (Figure 6, Table S3).

350
351  As expected, we observed a good association among the expression of the different immune

352  genes analyzed with 61.11 % of positive correlations and 0.7% of negative correlations among
353  gene/nutrition/age comparisons. Among these interactions, we found strong correlations among
354  genes encoding for antimicrobial effectors belonging to the Toll pathway involved in the humoral
355 immune response (abaecin, defl and hym), as well as among genes involved in different
356  functions of the cellular immune response (ppo, ppo-act, eater and pgrp-Ic), with 100% of
357  positive correlations among the genes within each group. In contrast, the regulatory gene dorsal
358  exhibited the lowest association with other immune genes (28.13% positive correlations). On the
359  other hand, the only significant association among the viruses analyzed was observed between
360 BQCV and SBV, which exhibited a positive correlation in 2-week-old workers (Figure 6, Table
361  S3).

362

363  Correlations among physiological and immune genes
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364  We first analyzed the relationship among the physiological genes involved in the nutritional
365 regulation of behavior, which expression is associated with nursing (vg and mrjpl) or forager
366 transition (mfe, ilpl, ilp2) with immune genes. We find a clear difference in the interactions of
367 immune genes with respect to nursing or foraging associated genes. Thus, the physiological genes
368  associated with nursing showed a strong trend toward negative correlations with immune genes;
369  with vg having 66.66% and 2.77% and mrjpl 72.22% and 0% significant negative and positive
370  correlations, respectively, among nutritional and age comparisons. The group of immune genes
371  showing the strongest negative association with nurse associated genes were the three genes
372  encoding antimicrobial effectors (abaecin, defl and hym), followed by the genes involved in the
373  melanization pathway (ppo and ppo-act), with 100% and 93.75% of negative correlations. On the
374  other hand, the physiological genes associated with the behavioral transition of foragers displayed
375  the opposite pattern, with an average of 41.66% of significant positive correlations, and 0% of
376  negative correlations (mfe 44.44 %, ilpl 41.66% and ilp2 38.88 %). The genes involved in the
377  melanization pathway showed the strongest positive correlation with genes associated with
378  foraging (79.16%). It is interesting to note that dorsal was the only immune gene not showing
379  positive or negative correlations with any of the genes associated with behavior (Figure 6, Table
380  S3).

381

382  Correlations among physiological genes and viruses

383  Next, we investigated the relationship between the genes involved in the nutritional regulation of
384  behavior and viral loads. Overall, there is 3X higher percentage of negative correlations (37.5%),
385  Dbetween genes associated with nursing and virus levels, compared with positive correlations
386  (12.5%). This trend is mainly a consequence of the negative correlations between vg and mrjp!
387  with DWV in all age and nutritional comparisons. Although there were positive correlations

388  Dbetween vg and SBV in workers from P-UR colonies in both age groups, the statistical
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389  significance of these correlations is considerably lower compared with the interactions among
390 DWYV with vg and mrjpl. In contrast, the genes associated with foraging showed in general a
391  positive association with virus levels, with 33.33% of positive correlations and 0% of negative
392  correlations. In particular, ilp2 showed a higher percentage of positive correlations with virus
393 (42.66%), followed by ilpl (33.33%) and mfe (25%). Virus-specific analyses reveal that both
394  DWYV and BQCV exhibit 50% of positive correlations, while SBV does not show significant
395 interactions. The higher percentage of correlations between viruses and physiological genes
396  associated with foraging was observed in the interactions of i/[p2 with DWV (75%) (Table S3).
397

398  Correlations among immune genes and viruses

399  Immune genes showed a clear trend toward a positive association with virus infections, with an
400 average of 46.29% of significant positive correlations and 2.7% negative correlations in 108
401  nutritional and age comparisons. Immune-gene specific analyses revealed the following
402  percentage of positive correlations with viruses: ppo (83.3%), hym (75%), pgrp-Ic (66.7%), ppo-
403  act (58.3%), eater (41.7%), abaecin (33.3%), def (33.3%) and dorsal (0%). Virus-specific
404  analysis showed the following percentages of positive correlations with immune genes: DWV
405  (77.8%), BQCV (47.2%) and SBV (13.9%). These results show remarkably specific virus-
406  immune gene interactions, such as those observed among DWYV and the genes belonging to the
407  Toll pathway (abaecin, def, hym) as well as with genes involved in the melanization pathway
408  (ppo, ppo-act), which showed significant positive correlations in all the nutritional and age
409  comparisons. In addition, BQCV showed 100% of positive correlations with hym and pgrp-lc.
410  Finally, SBV showed little or no correlation with most of the immune genes (0%-25%) with the
411  exception of ppo with 75% of positive correlations among nutritional and age groups (Figure 6,

412 Table S3).
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413  Figure 6. Correlations among physiological genes associated with behavior, immune genes
414  and viruses. Bubble plots representing the correlations between the different variables (genes and
415  viruses) analyzed by the Spearman Rank Correlation Test comparing age and nutritional groups:

416  2-week-old workers P-R (R-1), 2-week-old workers P-U (U-1), 3-week-old workers P-R (R-2), 3-
417  week-old workers P-U (R-3). Bubbles represent significant associations between the variables
418  (p<0.05). The size of the bubble represents the R-value and the color represents positive (black)
419  and negative (red) correlations.

420

421 5. Non-metric multidimensional scaling (NMDS)

422  An NMDS analysis was performed to visualize the spatial arrangement of the samples according
423  to all the variables analyzed. The best grouping of clusters was two and were nurse and forager
424  bees separately, with no clear differentiation by nutrition or age. Accordingly, behavior was the
425  most correlated variable by itself with the spatial ordination of the samples (p=0.001, R=0.41)
426  followed by its interaction with nutrition (p=0.001, R=0.51) and age (p=0.001, R=0.49). Nutrition
427  was also associated but with lower significance (p=0.04, R=0.06) and age did not show any
428  association (p=0.11, R=0.05) (Figure 7).

429

430  Figure 7. Non-metric multidimensional scaling (NMDS). Visualization of the spatial
431  arrangement of the samples according to nutritional treatment and behavior: P-R (R), P-U (U);

432  foragers (F), nurses (N).
433
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434  Discussion

435  In this study, we used pollen-restricted colonies as a model to study the nutritional conditions
436  experienced in colonies within intensively cultivated agricultural areas. We complemented this
437  experimental model, by using triple TCSC for colony establishment, which allowed us to
438  uncouple the effects of nutrition, behavior and age in colonies of similar size, demography and
439  genetic background. This experimental setup also allowed us to explore the impact of these
440  variables on the expression of physiological genes involved in the nutritionally regulated division
441  of labor, immune genes and three major honey bee viruses. We showed that pollen deprivation
442  leads to a higher rate of new foragers, decreased brood production and caused important changes
443  in the expression of genes associated with physiological activity, immunity and titers of honey

444  bee viruses.

445 1. Effect of pollen restriction on foraging

446  Our results, showing a higher number of new foragers from colonies with reduced access to
447  pollen, are generally consistent with early studies showing that nutritional stress induces
448  precocious foraging. However, in contrast with other reports, which were conducted under total
449  pollen [48] or honey [26] deprivation, in this study, we investigated the effects of pollen
450  restriction, a more common stress facing honey bee colonies. Other studies where pollen reserves
451  have been experimentally manipulated also had found a negative correlation between pollen
452  reserves and foraging effort [69, 70]. In our experimental colonies, foraging started in both
453  pollen-restricted and pollen unrestricted colonies at the age of 11 days. However, pollen-
454  restricted colonies had a higher number of new foragers compared with non-restricted colonies
455  during the 10-days observation period. Thus, although nurses from both nutritional conditions
456  started foraging at the same day, the higher number of new foragers in pollen-restricted colonies

457  during the full extension of the experiment indicates that the nurses from this group transitioned
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458  to foragers at an early age.

459 By the time the first focal foragers in our study were observed (11 days of age), 25 days after the
460 introduction of mated queens in the hives, newly-emerged bees had already begun to emerge in
461  the colonies. Therefore, it could be expected that the colonies composed by the three cohorts (25,
462 18, 11-days-old) had a well-established social organization and the behavioral development of the
463  focal bees has not been influenced by demographical abnormalities such as the absence of older
464  individuals (foragers) or young bees. However, in our experimental model, the onset of foraging
465 (at 11 days of age) occurred earlier when compared with typical large colonies, which is around
466  18.5 days of age [24]. Nurse to forager transition depends on several variables, including
467  population size, nutritional conditions and colony demography [21]. Thus, for example, in small
468  (1000-1200 bees) single cohort colonies established with 1-day old bees and subject to nutritional
469  stress, foraging can start as early as at 3-4 days of age [26]. The onset of foraging observed in our
470  experimental colonies can be due to the interactions of several variables, including small colony
471  size.

472

473  We determined the effects of pollen restriction on both nectar and pollen foragers. Our results
474  show a higher number of both types of foragers in pollen-restricted colonies (low pollen storage)
475  compared with unrestricted access to pollen (high pollen storage). Interestingly, although pollen
476  restriction induced new nectar and pollen foragers equally, there was a significantly lower
477  number of new pollen foragers compared with nectar foragers in colonies having unrestricted
478  access to pollen. This result is consistent with early studies showing that stored pollen inhibits
479  pollen foraging [69, 70]. This inhibitory effect of stored pollen along with the fact that brood
480  stimulates pollen foraging [71] have been proposed as mechanisms by which colonies regulate

481  their levels of stored pollen [72]. However, our results, together with other studies [69] showing
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482  that pollen restriction resulted in less brood production (see below) and an increasing number of
483  pollen foragers, suggest that the positive association between the amount of brood and foraging
484  requires a determined threshold level of stored pollen. Apparently, below this level, a reduced
485  amount of stored pollen is the main factor stimulating pollen foraging. Altogether, our results
486 indicate that nutritional conditions, associated with pollen storage, have an important effect both
487  on the induction of new foragers and the probability of collecting either pollen or nectar.

488

489 2. Effect of pollen restriction on brood production and colony demography

490 In this study, we also showed that there were significantly fewer emerging bees in pollen-
491  restricted colonies when compared with pollen-unrestricted colonies. This result is consistent
492  with previous studies showing a correlation between pollen supply and brood area [69, 73]. It has
493  been proposed that precocious foraging has negative consequences for the demographic balance
494  of colonies, as nurses transitioning early to foragers have a reduced lifespan compared with those
495  that have an extended nurse stage [74-76]. Subsequent forager depletion is expected to result in
496  the further behavioral transition of the remaining nurse population, leading to a reduced capacity
497  to sustain brood rearing, that may be intensified by larval cannibalism [74]. Thus, colonies
498  experiencing nutritional stress due to restricted pollen intake are expected to collapse due
499  primarily to the consequences of worker’s accelerated behavioral development (precocious
500  foraging) on worker lifespan and brood rearing. Our results, showing precocious foraging and
501  reduced brood production in pollen restricted colonies, suggest that a similar situation may occur
502  in regions where colonies surrounded by intensively cultivated areas store low amounts of pollen
503 [14]

504

505 3. Nutritionally regulated genes associated with the physiological behavioral state
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506 We analyzed the expression of five nutritionally regulated genes associated with the
507  physiological behavioral state. This group of genes include two genes (vg and mrjpl) associated
508  with nursing physiological stage independently of nutritional condition and age, and three genes
509  (mfe, ilpl and ilp2) whose expression is associated with foraging physiological state when
510  workers are not old or nutritionally stressed.

511

512 Our results showed that v¢ RNA levels are affected by behavior, being higher in nurses in all ages
513  and nutritional comparisons. Although high mRNA vg levels in nurses are well-known [29, 77],
514  this study provides new information on the effect of age and nutritional conditions on the
515  expression of this gene associated with behavior. Nutritional comparisons between pollen-
516  restricted and pollen-unrestricted colonies showed that increased pollen intake is associated with
517  higher levels of vg. Similar results, showing higher vg levels associated with pollen feeding, have
518  been obtained in several cage studies [30, 66, 78, 79] as well as in a field colony-level study [14].
519  However, our study is the first to investigate the effect of pollen feeding in nurse and foragers at
520  different ages at the colony level. Our finding that nutrition influences vg expression in most
521  nutritional and age groups, with the exception of older foragers, has practical implications for the
522 use of vg as a nutritional biomarker in colony-level field studies. Our expression analysis revealed
523  a trend toward higher expression levels in older nurses irrespectively of nutritional conditions.
524  Although this result was unexpected, a recent study comparing young and old nurses and foragers
525  obtained similar results both measuring mRNA and proteins levels [80]. The biological meaning
526  of this phenomenon it is unknown, however, it is interesting to note that higher levels of Vg are
527  also found in long-lived winter bees [81]. All together, these results reveal a positive association
528  between Vg and longevity, which is compatible with its antioxidant properties [29, 82].

529
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530  Mrjpl expression patterns revealed several interesting insights. First, we found highly significant
531 differences between nurses and foragers independently of nutritional condition and age.
532 Nurse/forager expression differences were especially large in younger 2-week old workers. This
533  expression pattern unveils mrjpl as a reliable biomarker of behavior for whole body analyses.
534  Second, young nurses from pollen-restricted colonies had lower mrjpl levels compared with
535  pollen-unrestricted colonies (P=0.02), but no significant differences between nutritional groups
536  were found in older nurses. Thus, in contrast with vg, the effect of pollen restriction was limited
537  to younger nurses. Third, foragers showed intriguing changes of mrjpl expression associated with
538  nutrition and age. Younger 2-week-old foragers from colonies with high pollen storages (P-UR),
539  have higher mrjpl levels compared with foragers from colonies with low pollen storage (P-R).
540  On the other hand, older foragers (3-week-old) experienced an increase in both nutritional groups
541  compared with younger foragers (2-week-old).

542

543  What can be the biological meaning of these results? Mrjpl is expressed in different tissues and
544  organs besides the hypopharyngeal glands [64, 83, 84], suggesting that in addition to their
545  traditional role as a secreted protein, it is used endogenously for other nutritionally related
546  functions [83-85]. An initial step toward the clarification of the biological meaning of these
547  results it is to determine whether these high levels of mrjpl expression are the consequence of
548  increased expression in the hypopharyngeal glands or other organs with non-exocrine function.
549  Still, these results suggest interesting possibilities for future studies. Royal jelly proteins secretion
550  from nurses’ hypopharyngeal glands has been primarily associated with larval and queen feeding.
551  However, these proteins also are transferred during trophallaxis — mouth to mouth food transfer —
552  preferentially to younger workers [86, 87]. Consistently, our results suggest that foragers could be
553  MRIJPs donors during trophallactic interactions and that the potential for these interactions

554  increases with nutrition and age. Interestingly, it has been hypothesized that the transfer of royal
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555  jelly proteins among workers could provide information about colony pollen reserves and act as
556  cue for regulation of foraging [88].

557

558  Our results provide interesting insights into the dynamics of mfe expression in whole-body
559  analysis. First, we found higher levels of mfe in foragers compared with nurses in younger
560  workers of colonies not experiencing nutritional stress. However, it is interesting to note that the
561  magnitude of this difference is lower in contrast to results obtained by direct comparison of
562  isolated corpora allata from nurses and foragers [89]. This result suggests that mfe expression in
563  other tissues of young nurses reduces the difference in overall body expression. Consist with this
564  possibility, mfe expression has been detected in ovaries of nurses honey bees [84] and JH
565  synthesis have been reported in ovaries of beetles [90] and mosquitoes [91]. An additional report
566  showing higher levels of mfe in abdomens of young nurses compared with young foragers from a
567  non-nutritionally stressed colony, is further consistent with the proposal of that mfe is
568  significantly expressed in other tissues different to the corpora allata, especially in young non-
569  nutritionally stressed nurses [80], although still forager’s corpora allata is the main organ for JH
570  synthesis. Thus, these results also contribute to challenge the traditional view that the corpora
571 allata is the only source of JH in insects [33, 92, 93]. On the other hand, our nutritional
572  comparison showed a trend associating higher mfe levels with pollen consumption, but significant
573  differences were only observed in older workers. Lastly, the expression of this gene significantly
574  declined in older foragers from pollen-restricted colonies. Overall our results showed behavioral
575  differences in the expression of mfe, but also revealed that expression is inhibited in various
576  degrees by nutritional stress and age.

577

578  Previous studies have shown that insulin-like peptides (ilp/ and ilp2) are involved in the

579  nutritionally mediated regulation of division of labor in honey bees [27, 30]. Insulin-like peptides
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580 are expressed in different tissues and organs including the brain [29, 30], fat bodies [27] and
581  ovaries [84]. Although these studies have revealed the existence of differential tissue-specific
582  responses to nutritional inputs, few tissues and organs have been so far analyzed and it is
583  unknown the contribution of their expression relative to the whole body. Our analysis of ilp/
584  showed that this gene presented behavioral differences in 2-week-old workers from colonies with
585  unrestricted access to pollen, in which foragers had significantly higher levels compared with
586  nurses. Thus, ilpl expression patterns in the whole-body followed a similar pattern to that
587  reported in isolated brains, but this similarly is restricted to young individuals of colonies not
588  experiencing nutritional stress. The magnitude of the difference between nurses and foragers for
589  the whole body is lower than that observed in brains [29, 30]. This result suggests that in young
590 nurses ilpl expression is upregulated in other tissues when the colony is not nutritionally stressed.
591  This explanation is consistent with the report of up-regulation of this gene by amino acid
592  supplementation in fat bodies of 7-days-old bees [27] and with the observation of higher level of
593  ilpl in the abdomens of young nurses compared with young foragers in non- nutritionally stressed
594  colonies [80]. On the other hand, given the expression differences yet existing between young
595 nurses and foragers from colonies not experiencing pollen deprivation, our results also suggest
596  that under this nutritional condition, ilp/ is predominantly higher expressed in forager’s brain
597  compared with other tissues of nurses (e.g., fat body). In addition, nutritional comparison among
598  young foragers indicates that ilp/ expression is reduced by nutritional stress, possibly by
599  inhibiting ilpl forager’s brain expression. In contrast, in older nurses, nutritional stress is
600 associated with increased expression of ilp/. It remains to be addressed the contribution of the
601  brain and other tissues in this response. On the other hand, age comparisons revealed an
602  important age-dependent reduction in its expression in both nutritional conditions. Thus, ilp/
603  follow similar mRNA levels and expression pattern compared to mfe, but with some differences

604  in the strength of the effects of nutrition and age.
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605

606  The expression profile of i/p2 showed interesting similarities and differences compared with ilp1.
607  In contrast with ilp/, ilp2 showed higher levels in young foragers in both nutritional conditions.
608  Previous brain expression analyses revealed no behavioral differences in ilp2 expression [30]
609  suggesting that ilp2 expression in other young foragers’ tissues could account for the observed
610 differences in this whole body analysis. On the other hand, similarly, to ilp/, significant
611  differences between nutritional groups were only observed in older workers.

612

613  The finding of no expression differences of ilp2 associated to nutrition in young nurses, is
614  consistent with a study reporting no nutritionally related differences in fat body ilp2 expression in
615 young nurses at colony level [27]. However, this result contrasts with the report of higher
616  expression levels of ilp2 associated with pollen ingestion in an abdominal transcriptome analysis
617  [63]. Age comparisons showed even more contrasting differences in the expression of both genes:
618  while ilpl showed a general age-dependent down-regulation, ilp2 was upregulated in workers
619  from pollen-restricted colonies.

620

621 4. Immune genes

622  Nutritional treatments had a significant effect on 1/3 of the behavioral and age gene comparisons.
623  However, in most comparisons showing expression changes associated with pollen availability,
624  the expression of the immune genes was upregulated by pollen ingestion compared with pollen
625  restriction. Moreover, it is interesting to note that most of the comparisons not showing up-
626  regulation by pollen ingestion were observed in a single non-effector regulatory gene (dorsal).
627  Thus, despite pollen availability having a discrete effect on the expression of immune genes, the
628  results obtained are in general consistent with the notion that availability of nutritional resources

629  is required to keep an active immune system [94]. From another angle, our result also revealed
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630 that dorsal was the immune gene most up-regulated by nutritional stress. This finding is
631  significant as this is a regulatory gene that activates the expression of effector immune genes
632  belonging to the Toll pathway [52, 95]. Thus, it remains to be determined the mechanism by
633  which this gene react to nutritional conditions and its possible interactions with the IIS/TOR
634  pathway involved in the nutritional regulation of behavior.

635

636  Analyzing same-age nurses and foragers is considered a gold-standard for comparing task-
637  dependent differences [96]. Our experimental design allowed us to examine the expression of
638 immune genes in nurses and foragers of the same age at two different time points, uncoupling the
639  effects of behavior and age on the expression of different types of immune genes for the first
640 time. Changes in immune function had been associated with a behavioral transition in honey
641  bees. Foragers experienced an important reduction in the number of total hemocytes, an effect
642  reproduced by JH treatments [97, 98]. These results lead to two proposals: first, a reduction in the
643  abundance of circulating immune cells in foragers could imply that immunity is a function of
644  behavioral caste [98, 99]. Second, honey bee colonies could economize nutritional resources by
645  downregulating the forager immune system [98-100]. Our results showing higher expression in
646  foragers are consistent with the proposal that the nurse to forager transition is associated with
647  changes in honey bee immune function. However, these results are inconsistent with the view of
648  an immune system downregulation associated with forager behavior. It remains to be determined
649  the mechanisms responsible for foragers’ increased expression of immune genes. It is possible
650  that this higher expression of immune genes is the result of increased contact with pathogens
651  during foraging. Alternatively, the higher expression of immune genes could be the result of a
652  programed genetic response regulated by nutritional clues to prepare the forager for a higher
653  probability of encountering pathogens outside the hive. This proposal implies that the colony

654  does not economize energetic resources by downregulating the immune system in foragers.
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655

656  Another interesting insight into the expression of immune genes is that age had an important
657  effect on their expression. The regulatory gene dorsal, was the immune gene most strongly up-
658  regulated by age, although two genes encoding for antimicrobial peptides (defl and abaecin) and
659 the immune genes encoding pattern recognition proteins (pgrp-lc, pgrp-sc), also showed
660  significant upregulation in at least one behavioral/nutritional group. In contrast, the genes
661  involved in the cellular immune response did not show increased expression with age (ppo, ppo-
662  act, and eater), but rather nutritionally and behavioral dependent changes in their expression,
663  with consistently lower expression in foragers from pollen-restricted colonies, and inconsistent
664  changes in the expression among these genes in nurses and foragers from pollen-unrestricted
665  colonies.

666

667  Our results suggest that while the activation of immune response after the nurse to forager
668  behavioral transition involves both the humoral and cellular immune response, age-dependent
669  changes in their expression are partly behavioral and nutritional dependent, with old foragers
670  being unable to maintain high expression of genes involved in the cellular immune response
671  when experiencing nutritional stress. Interestingly, reduced expression of genes involved in the
672  cellular immune response also has been reported in overaged winter bees [101]. On the other
673  hand, Bull et al., (2012) reported increased expression of genes involved in the humoral immune
674  response in old foragers compared with 1-day old bees as well as increased foragers’ resistance to
675  fungal infections. These results lead the authors to infer that reduced pathogen susceptibility in
676  forager bees is associated with age-related activation of specific immune system pathways [102].
677  While the comparison between young bees and old foragers in that study, did not allow
678  differentiation of the effects of behavior and age, the results are consistent with our findings of

679  higher expression of immune genes in foragers and the up-regulation of regulatory and effector
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680  genes involved in the humoral immune response in older bees. Nevertheless, our results do not
681  support the view of a general upregulation of immune gene expression in older bees, especially
682  those related to the cellular immune response. On the other hand, our results neither support the
683  view of a decline in the immune competence associated with the humoral immune response.
684  Interestingly, a recent study analyzed the effects of bacterial injections of the Gram-negative
685  Dbacterium Serratia marcescens on the expression of defl both using nurses and foragers
686  (unknown age) from a typical colony, as well as young (6-8 days-old) and old (21-13 days-old)
687 nurses and foragers using a single cohort colony [80]. Consistently with our results of the
688  humoral immune genes, it was found higher expression of this gene in foragers compared with
689  nurses independently of the age, behavioral status and type of colony analyzed. In addition,
690 analyses of the fold-change in the expression levels of the bacterial injected bees relative to the
691  controls, showed stronger immune response in nurses compared with foragers. Although this last
692  result was interpreted as an evidence of immunosenescence, the higher expression levels of
693  foragers compared with nurses, which are even stronger at older age, makes this interpretation
694  controversial.

695

696  Previous studies have analyzed behavioral related differences in different aspects of immune
697  function. Two potential confounding factors in some of these studies are the comparisons of
698  foragers of unknown age and newly-emerged workers, which are considered nurses. The
699  comparison of foragers of different age could not take in consideration existing age-related
700  changes in gene expression. On the other hand, newly-emerged bee are not mature nurses and,
701  consequently, the expression of a wide range of genes involved in metabolism and physiology is
702  considerably different than in functional nurses [29, 80, 103]. Despite these potentially
703  confounding factors, our results are in general consistent with previous studies reporting higher

704 PO and AMP activities in foragers compared with young bees [104, 105]. Of particular interest is

28


https://doi.org/10.1101/667931

bioRxiv preprint doi: https://doi.org/10.1101/667931; this version posted June 11, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 105 and is also
made available for use under a CCO license.

705  the study by Schmid et al., (2008), who compared nurses and foragers of different physiological
706  ages (5-11 days-old age-right nurses and precocious foragers, 23-28 days-old age-right foragers
707  and overaged nurses). Despite the finding of higher PO activity in age-right foragers compared
708  with age-right nurses, the number of total hemocytes was significantly lower in age-right
709  foragers. In addition, age comparisons showed an important decline in hemocyte number in older
710  nurses and foragers; although overaged nurses have marginal, but significantly, higher hemocyte
711  numbers compared to age-right foragers of similar age. These results suggest that overall
712 hemocyte decline is mainly age-dependent, but that behavioral state also may have an additional
713  effect on this process. Based on these results, the authors proposed an age-dependent
714  abandonment of cellular immunity in the honey bee [100]. However, this view is apparently
715  missing some elements to explain the important discrepancies observed between total hemocyte
716  number and PPO enzymatic activity. Thus for example, why age-right foragers (low hemocyte
717  number), have higher PPO activity compared with age right nurses (high hemocyte number)?

718

719  In contrast with other insects [52, 106, 107], the honey bee genome harbors a single gene
720  encoding PPO [52, 108]; but similarly to other arthropods [107, 109], the honey bee pro-ppo
721  lacks a signal peptide for extracellular exporting [52]. Interestingly, this lack of a signal peptide
722 in the pro-ppo gene implies that PPO is not released by secretion but by lysis of the hemocyte
723 [61, 107, 109]. This characteristic of PPO’ function could be important to explain some aspects of
724  honey bee cellular immune response. At present, it is not clear if hemocyte lysis-mediated PPO
725  release occurs in continuous or discontinuous mode during adult bee ontogeny and how it is
726  affected by behavioral state, age, nutrition and immune challenges. Still, PPO release after the
727  noticeable reduction in total hemocyte number, could explain why PPO activity remains high in
728  foragers [100, 104, 105] and the observation that immune challenges resulted in reduced PO

729  activity, suggesting a failure in replenishing synthesis of PPO [105] possibly associated with
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730  hemocyte lysis. However, increased PO activity in old foragers is also consistent with the
731  proposal that the persistence of active cellular immune function after the reduction of total
732 hemocyte number results from the selective reduction of the of non-immune hemocyte population
733  (prohemocytes) and the conservation of hemocytes with immune activity (granulocytes and
734  plasmatocytes) [104]. Our expression data of the cellular immune genes involved in the
735  melanization pathway, even when showing reduced expression levels in old workers, still
736  revealed high expression in old foragers compared with old nurses as well as changes in their
737  expression associated with nutrition. We propose two alternative explanations for our results
738  regarding the expression of genes involved in the cellular immune response, which still can be
739  compatible with the above-mentioned reports. First, there is a reduction of total hemocytes
740  mainly associated with age [100]. This is consistent with the observed decrease on the expression
741  of cellular immune response genes in old workers [102] as well as in winter bees [101]. This
742  hemocyte reduction mainly occurs in non-immunogenic hemocytes [104], but also there is a
743  modest reduction in immunogenic hemocytes. This remaining population of hemocytes in old
744  foragers experience important changes in their expression of cellular immune genes primarily
745  associated with behavior and secondarily with nutrition. Alternatively, the observed reduction in
746  total hemocytes, may do not involve a significant reduction of immunogenic hemocytes [104],
747  but rather a reduction on their expression of cellular immune genes also associated with age, in
748  addition with behavior and nutrition.

749

750  Virus levels

751 A notable result in our study is the finding that behavioral state had an important influence on
752  wviral titers. This behavioral effect was stronger in the case of DWV, followed by SBV, while
753  BQCYV was the virus less affected by behavior. DWV and SBV have higher viral titers in foragers

754  in most of the nutritional and age groups. Our results show that the only nutritional and age
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755  groups not showing behavioral differences on these viruses are the younger workers from non-
756  pollen restricted colonies. This suggests that both nutritional stress and older age contribute to
757  increase viral titers in foragers.

758

759  The finding of higher DWV levels associated with foraging has important implications for the
760  understanding of the relationships among nutritional stress, behavioral development and colony
761  losses caused by viral infections. Nutritional stress caused by pollen dearth is a common situation
762  experienced by colonies within intensively cultivated agricultural areas [14, 66, 79]. Pollen
763  deprivation induces precocious foraging, which in turn is associated with accelerate aging and
764  reduced lifespan [75, 76]. We anticipate the possibility that increased DWYV titers associated with
765  foraging could further reduce forager survival and exacerbate the changes in colony demography
766  leading to colony collapse [65, 74]. In this study, we were unable to precisely estimate the
767  demographic composition of the experimental colonies during different time collections.
768  However, the number of nurses and foragers that we collected at each time point provides an
769  approximate estimation. It is noteworthy that older 3-week-old foragers from pollen-restricted
770  colonies were 2.72 times more abundant compared with foragers from colonies with full access to
771  pollen. In this regard, it is interesting to note that the highest DWV titers were observed in 2-
772  week old foragers from colonies with full access to pollen. A possible explanation for this result
773  is higher mortality in foragers from colonies with unrestricted access to pollen.

774

775  Another interesting result in our study is the finding that pollen ingestion was associated with
776  significantly higher levels of DWV and SBV, observed in younger nurses and foragers,
777  respectively. In fact, BQCV was the only virus showing higher titers associated with pollen
778  restriction, with higher levels in younger nurses. There were interesting virus-specific interactions

779  of nutrition with behavior and age. First, although direct nutritional comparison between young
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780  nurses showed higher DWV titers associated with pollen ingestion, significantly higher titers in
781  younger foragers were only observed in pollen-restricted colonies. Second, age shows to
782  influence the effect of nutrition on viral titers, as significant nutritional differences were only
783  observed in relatively younger (2-weel-old) workers.

784

785  The effect of nutrition on DWV levels has been previously analyzed in different studies using
786  caged bees in laboratory conditions [63, 65, 67]. Our results revealing an association between
787  pollen ingestion and higher DWYV titers at the colony level contrast with an initial report showing
788  that pollen ingestion decreases viral replication in comparison with undernourished bees [65].
789  However, new lines of evidence are consistent with our results. First, DWV-B replication is
790  inhibited when there is co-infection with Nosema ceranae [67] suggesting that competition for
791  nutritional resources reduces viral replication. Second, Alaux et al., (2011) found higher DWV
792 titers associated with pollen feeding in non-varroa parasitized bees. Moreover, these authors also
793  found that pollen feeding further increases viral replication in varroa-parasitized bees already
794  having high DWV levels. This suggests, not only that nutritional resources increase DWV
795  replication, but also that this effect is even stronger in colonies with high varroa infestation levels
796  and concomitant increased viral loads. Based on these conditions, high nutritional status is not
797  only no beneficial, but detrimental for survival [63]. Our results suggest that similar nutritional
798  and viral interactions take place at the colony level. However, we were unable to establish an
799  association between Varroa level and DWYV, since we did not measure varroa infestation levels in
800  our experiment. Still, it is reasonable to expect that our colonies experienced moderate infestation
801 levels since no acaricide treatment was applied after the colony’s establishment in early summer.
802

803  Comparisons between 2-week and 3-week-old workers showed discrepant effects of age on the

804 titers of the viruses analyzed. While DWV showed significantly lower titers in older bees in

32


https://doi.org/10.1101/667931

bioRxiv preprint doi: https://doi.org/10.1101/667931; this version posted June 11, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 105 and is also
made available for use under a CCO license.

805  workers from colonies with unrestricted access to pollen, SBV showed increased infection levels
806  in foragers from pollen-restricted colonies and no age-related changes were observed in BQCV
807  virus. DWV was the virus most affected by age, with a trend to lower titers in all the
808  comparisons, although significant lower titers in older workers were only observed in colonies
809  with full access to pollen. The observed lower DWYV titers in older foragers have two main
810  possible explanations. First, an antiviral immune response could be triggered resulting in lower
811 titers in older bees. Second, alternatively, our result could show a preferential survival of workers
812  with lower DWV titers.

813

814 Correlations

815  Our analysis of significant correlations among the expression of the different group of genes and
816  viruses analyzed revealed clear trends in their interactions. As expected, analysis of the targeted
817  gene categories revealed strong positive correlations among the physiological genes associated
818  with nursing as well among the genes associated with foraging, confirming the co-regulation of
819  both groups of genes and supporting their use as molecular markers of behavior. Similarly, a
820  general correlation was observed among the expression of the immune genes, with particularly
821  strong positive association among the genes belonging to specific immune pathways, such as the
822  genes encoding AMP and genes involved in the melanization pathway. These results confirm the
823  coordinated response of the different immune pathways, which are co-regulated in a similar
824  manner primarily by behavioral-associated physiological changes, but also by nutrition and age.
825  In contrast, the titers of the three viruses analyzed did not exhibit significant correlations among
826  the different nutritional, behavioral and age comparisons, suggesting that these factors

827  differentially influence their replication.
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828  On the other hand, the groups of physiological genes associated with behavior showed a clear
829  difference in their interactions with immune genes. Thus, while the genes associated with nursing
830 showed a strong negative correlation with immune genes, the genes associated with foraging
831  displayed the opposite pattern (Figures 6 and 7). An interesting exception was the regulatory
832  immune gene dorsal, which did not show correlations with the genes associated with behavior.
833  These results further support the view of an association between the physiological pathways
834  involved in the regulation of division of labor with the immune system. Moreover, these results
835  confirm the upregulation of effector immune genes in foragers, independently of nutritional
836  conditions or age.

837

838  The physiological genes associated with behavior also showed differences in their interaction
839 with DWV and BQCV. In particular, nursing associated genes showed a strong negative
840  correlation with DWV, while foraging associated genes showed a predominant positive
841  correlation (Figure 6). A notable exception among these interactions was observed in SBV, which
842  did not show significant correlations with behavioral-associated genes.

843

844  Finally, our analysis of the interactions among immune genes and honey bee viruses revealed a
845  predominant positive association between the expression of most of the immune genes and virus
846  infections. In particular, DWV showed a strong positive correlation with genes encoding for
847  AMPs and those involved in the melanization pathway (100%). In contrast, SBV exhibited a low
848  percentage of positive correlations with most immune genes (0-25%), with the exception of ppo
849  (75%). Similarly, dorsal was the immune gene which expression showed the lowest number of
850  correlations with viral infection. Although these results revealed a strong association between the
851  infections of two of the most common and prevalent honey bee viruses in European honey bees,

852 DWV and BQCYV, and the expression of immune genes, our analysis is unable to distinguish the
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853  mechanisms by which these variables are associated. Thus, it is either possible that the higher
854  expression of the immune genes observed in foragers can be a response to increased DWV
855 infection, or that this immune expression occurs before the increase in viral infection. Still, the
856  close association observed between ppo expression and DW'V titers, which has been documented
857  in winter bees (Steinman 2015) is remarkable and consistent with the association between the
858  cellular immune response and viral infections reported previously in honey bees and other insects
859  [110-113].

860

861  Concluding Remarks

862  In this study, we used pollen-restricted colonies as a model to study the nutritional conditions
863  occurring in colonies surrounded by intensively cultivated agricultural areas which typically
864  experience nutritional stress caused by pollen dearth. This experimental model was
865 complemented by the use of a new technique for colony establishment that allowed us to
866  uncouple the effects of behavior, age and nutrition. Our results revealed that pollen restriction
867  induced early behavioral transition to foraging and that this behavioral change to foragers is
868  associated with a general increase in the expression of immune genes. The expression of immune
869  genes also shows a trend towards increased expression associated with pollen ingestion and an
870  age-dependent regulation of specific immune pathways, including a sustained high expression of
871  genes involved in the humoral response and down-regulation of genes involved in the cellular
872  response in old workers. An interesting exception was dorsal. The expression of this regulatory
873  gene was the less affected by behavior and the most affected by nutrition. Although, dorsal
874  expression still it was up-regulated in foragers, in contrast with other immune genes, its
875  expression was mostly upregulated by nutritional stress. Since dorsal is a regulatory gene

876  involved in the regulation of the expression of effector immune genes, its observed sensibility to
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877  bee’s nutritional conditions suggests that this gene has an key integrative function on the
878 interactions among nutrition, nutritionally-dependent behavioral development and immune

879  response.

880  The analyses of three predominant honey bee viruses (DWV, BQCV and SBV) show that they
881 are affected to various degrees by honey bee behavior, nutrition and age. Our main results include
882  the demonstration of higher DWV levels in foragers and unexpectedly, the finding that pollen
883  ingestion is associated with higher DWV in young nurses. Higher DWV in foragers suggests that
884  accelerated behavioral development induced by nutritional stress could lead to amplified forager
885  mortality and further exacerbate changes in colony demography associated with colony collapse.
886  On the other hand, high DWYV levels associated with pollen ingestion, suggest that in infected

887  colonies, nutritional resources further enhance the replication of this virus.

888  Our analyses of the correlations among the expression of immune genes and viral titers with
889  physiological genes associated with behavioral state revealed that the immune genes and DWV
890  exhibited strong negative correlations with genes associated with nursing, but positive
891  correlations with genes associated with foraging (Figure 8). These results emphasize the role of
892  nutrition on worker behavioral development and their consequences for honey bee immunity and
893  susceptibility to pathogenic infections. Finally, the results obtained by the NMDS analysis further
894  support the conclusion that behavioral state is the most important factor associated with the
895  expression of immune genes and viral titers. Overall, we provide important insights into the
896  mechanisms by which nutrition, behavior and age alter the expression of key genes involved in
897  the regulation of honey bee physiology and immunity, which are expected to contribute to a

898  better understanding of the effects of nutritional stress on colony health.

899
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900 Figure 8. Schematic representation of the predominant correlations of whole-body levels of
901 nutritionally regulated physiological genes, immune genes and DWYV associated with behavioral
902  state. Up-regulated and down-regulated levels between nurses and foragers are represented by
903  upward and downward pointing arrowhead, respectively.

904

905

906 Materials and methods

907 1. Experimental Colonies

908  Field experiments were performed in the apiaries of the USDA-ARS Bee Research Laboratory in
909  Beltsville Maryland. The triple cohort composite colony (TCC) is a technique of colony
910  establishment originally designed to vary colony age demography in colonies of similar size and
911  genotypic structure. We created triple cohort sequentially-composed colonies (TCSC) by
912  modifying a previously described protocol [114]. Instead of simultaneously introducing three
913  cohorts (nurse and foragers of unknown age, plus newly-emerged bees), we introduced
914  sequentially (weekly) three groups of newly emerged bees during a period of two weeks. This
915 modification resulted in colonies with a population of three thousand bees composed
916  predominantly of 2-week-old foragers, 1-week-old nurses, and newly-emerged bees allowing us
917  to uncouple the effects of age and behavior by collecting same-age nurses and foragers at
918  different times. Then, in contrast with the original protocol with colonies headed by non-egg-
919 laying queens confined in small cages, we confined egg-laying queens in frame-sized excluder
920  cages. This last modification avoided the necessity of introducing young bees into the colony to
921  prevent delayed behavioral development [114] (Figure S1).

922

923 A set of sixteen TCSC colonies, each with a population of three thousand bees were formed by
924  newly-emerged bees from multiple colonies (approximately 50) and established in four-frame
925  boxes. This experimental design homogenizes the genetic background of the colonies studied:
926  although the genetic variation within colonies is high, variation across the different colonies is

927  expected to be low. For each cohort, newly emerged bees were collected from combs of mature
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928  pupae taken from colonies derived from populations of Apis mellifera ligustica and placed in an
929  incubator at 32°C and 55% RH. Newly emerged bees were thoroughly mixed, marked on the
930 thorax with enamel paint, and distributed into the colonies. After establishing the colonies, two
931  experimental nutritional groups were formed: pollen restricted (P-R) and unrestricted (P-UR)
932  colonies (N=8 per group). P-R colonies were formed by removing the frames containing pollen
933  and by activating the pollen traps. In P-UR-colonies the frames with pollen were not removed and
934  the pollen traps were not activated. We performed subsequent behavioral and molecular analysis
935  in the last cohort of newly-emerged bees.

936

937 2. Behavioral Observations

938 Daily monitoring to detect foraging was initiated five days after the introduction of the last
939  cohort. This time is considered the minimum required for nurse to forager transition [26, 74].
940  Behavioral observations began when the first foragers were discovered and continued for ten
941  consecutive days. Each colony was observed for three periods a day (10 AM-12 PM, 12-2 PM, 2-
942 4 PM). In each period, the hive entrance was blocked with a metal screen for 10 minutes,
943  followed by a 5-minute observation time. Returning pollen and nectar foragers were identified by
944  the observation of pollen loads on their curbiculae or the distension of their abdomens,
945  respectively [26]. The average quantity of pollen captured in the pollen traps in the P-R colonies,
946  after the establishment of the colonies and until the end the observations, was 40.4 grams (28.93
947  to 44.93 grams).

948

949 3. Quantification of the number of emerging bees and collected pollen

950  Two days after the end of the behavioral observations, and one day after the last collection of 3-
951  week-old workers for molecular analysis, pollen trapped on P-R colonies was collected and the

952  frames containing brood (one frame per colony) were removed from all the hives, transferred to
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953  the laboratory and maintained at 32°C in an incubator. Emerging bees from P-R and P-UR
954  colonies were counted until the last bee emerged after 16 days.

955

956 4. Sample collections for molecular analysis

957  Collections were performed two (2W) and three weeks (3W) after the last cohort was introduced
958 into the colonies. In each of these two age collections, nurses (N) and foragers (F) of the same
959  age were collected from P-R and P-UR colonies. Therefore, eight age, behavioral and nutritional
960  groups were collected for subsequent analysis. The total numbers of bees collected per each of
961  these groups were as follow. 2W: P-R N (n=76), P-R F (n=78), P-UR N (n=76), P-UR F (n=53).
962  3W:P-R N (n=53), P-R F (n=53), P-UR N (n=44), P-UR F (N=23). Foragers were collected from
963  the entrance of each colony (double painted) and nurses from the brood area (single painted).
964 Immediately after their collection, bees were flash-frozen in liquid nitrogen for subsequent RNA-
965  extraction and gene expression analyses.

966

967 5. Gene expression analysis

968  Whole body bees were homogenized in Trizol (Invitrogen) in a Fast-prep-24 (MP) instrument.
969  Whole bodies were used for analysis because different tissues and organs are expected to
970  participate in the regulation of behavior, immune function and susceptibility to pathogens. RNA
971  extractions were performed with the RNeasy extraction kit and genomic DNA traces were
972  removed using DNAse I (Qiagen). RNA was eluted in 100 pL. For each sample, cDNA was
973  synthesized using 1 ug of total RNA and Thermo-fisher reagents, including M-MLV Reverse
974  Transcriptase (40U), RNAse inhibitor (25U), random hexamers (2.5 uM) and dNTPs (0.8 mM) in
975  a final reaction volume of 25 uL. Thermal profile for cDNA synthesis was as follows: 25°C (10
976  min), 48°C (45 min) and 70°C (5 min). Each cDNA reaction was diluted by adding 100 pL buffer
977 (10 mM Tris HCI pH 8.5. Transcription levels were quantified by qRT-PCR using a Life
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978  Technologies Vii7 system, with SYBR green reagents and a two-step thermal profile for
979  amplification (95°C 15 sec, 60C 1 min). All assays were performed in triplicates in a final
980  volume of 10 pL. Data from multiple plates were normalized with a reference sample and Rps5 as
981 an internal control gene [115] using the Gene Study software package (Life Technologies).
982  Quantification of mRNA levels was performed by the AACT method [116]. Relative values were
983  calculated based on the differences (ACT) between the CT values of the focal gene/virus and
984  Rps5 and then transformed to relative values. For each comparison, ACT values exceeding 2 SD
985  from the mean were considered technical outliers and removed from the analysis. Primers were
986  designed using the Oligo 7 programs [117] and their efficiencies tested using a relative standard
987  curve from concentrated cDNA (Table S1).

988

989 6. Statistical analyses

990 Initial analyses of normality and homoscedasticity of the variables was carry out using the
991  Kolmogorov-Smirnov and Levene tests [118-120]. Differences between groups of the variables
992  that fulfilled the assumptions of parametric statistics were analyzed with ANOVA and Scheffeé
993  tests and non-parametric variables were analyzed by Kruskal Wallis and Mann Whitney U test
994  [121]. On the other hand, correlations in the expression level of the different genes were
995  analyzed considering nutritional groups by the Spearman Rank Correlation Test [120, 121].
996  Spatial representation of all samples and variables was visualized with a non-metric
997  multidimensional scaling (NMDS) and the best number of clusters from this representation was
998  determined with the function NbClust using the Euclidean distance and k-means method. The
999  association between nutrition, behavior, age and the interaction between them with the ordination

1000  of the samples was determined with the envfit function [120, 122]. In all cases, p-values under

1001  0.05 were considered statistically significant.

1002
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1320  Supplementary Figures

1321

1322 Figure S1. The triple cohort sequentially composed colony (TCSC) model for colony
1323  establishment. All colonies were founded within a 2-week period in three consecutive steps.
1324 The first cohort of one thousand newly emerged bees was introduced into the hives together with
1325  the queens. Then, subsequent batches of one thousand newly emerging bees were introduced after
1326  one week (second cohort) and two weeks (third cohort). At the beginning of the colony
1327  establishment, each hive was provided with one frame of honey and one frame of pollen. After
1328  establishing the colony, we performed subsequent behavioral and molecular analysis in the last
1329  cohort of newly emerged bees. This final cohort was expected to experience normal behavioral
1330  development, given the previous introduction of two older cohorts into the colony and the
1331  subsequent incorporation of newly emerged bees. The behavioral development of the final cohort
1332 was monitored to determine the onset of foraging and then sample collections were performed at
1333 the age of 2 and 3weeks.

1334

1335  Figure S2. Bihourly number of new foragers. Upper panel (A) pollen foragers. Lower panel
1336  (B) nectar foragers. The y-axes represent the daily mean of both types of foragers during different
1337  bihourly observations: times are indicated using the 24-hours daily system. 10-12 hours, 12-14
1338  hours, 14-16 hours. The x-axes indicate the age of the new foragers. Restricted colonies (orange
1339  line), unrestricted colonies (blue line). Error bars represent SE across colonies. Daily comparisons
1340  of the number of new nectar and pollen foragers during the three time periods of the observations
1341  (10-12, 12-14 and 14-16 hrs.) showed higher time-related variation in the number of nectar
1342  foragers compared with pollen foragers. Nectar foragers exhibited higher differences between P-
1343 R and P-UR colonies during the first observation period (10-12 AM) compared with the last

1344  observation (14-16 hrs.). In contrast, pollen foragers showed variation among bihourly
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1345  observations only during the first three days. Afterward, they followed a similar pattern in the
1346  three observations periods, characterized by a significantly higher rate of foraging in P-R colonies
1347

1348  Figure S3. Daily number of new foragers. Daily mean of new foragers from both nutritional
1349  conditions (y-axis) according to their age (x- axis). Error bars represent SE across colonies.
1350  Pooled daily analysis of the three observation times exhibited a significant number of new
1351  foragers in P-R colonies starting from day 13 until the end of the observations on day 20.
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1370  Supplementary Tables

1371

1372 Table S1. Primer pairs used for quantitative PCR of honey bee genes and viruses. Primer’s
1373  directions are included at the end of their respective names: Forward primer (F). Reverse primer
1374  (R).

1375

1376  Table S2. Statistical results of nutritional, behavioral and age comparisons of individual
1377  genes and viruses. Different font colors represent relevant behavioral (red), nutritional (green)
1378  and age (blue) comparisons.

1379

1380  Table S3. Statistic results of correlations among honey bee genes and viruses’ levels. P and
1381  R-values are classified as following: vertically, among nutritional (restricted and unrestricted) and
1382  age (collection 1 and 2) groups; horizontally, among different categories of genes and viruses.
1383  Significant P showing negative or positive R-values, are represented in green or in red font.
1384  Likewise, percentages of correlations predominantly positives or negatives, are highlighted in
1385  green or red, respectively.

1386

1387

1388
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